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ABSTRACT 
 
 
 
High pressure processing (HPP) is a non-thermal processing technology 
capable of prolonging the shelf-life of a number of food products in the range of 
200-700 MPa while maintaining sensory and nutritional quality of the foods. The 
possibility of using HPP to extend the refrigerated shelf-life of fresh cheeses by 
controlling the outgrowth of spoilage yeasts and moulds and the continued 
acidification by starter bacteria was investigated in a commercially 
manufactured fresh lactic curd cheese (pH 4.3-4.4) and fermented milk models 
(pH 4.3-6.5). The effects of HPP at 300 and 600 MPa on inactivation of 
glycolytic enzymes of lactic acid bacteria were also evaluated. 
 
Fresh lactic curd cheeses made from pasteurised bovine milk using a 
commercial Lactococcus starter preparation were vacuum packaged and 
treated with high pressures ranging from 200 to 600 MPa (≤22°C, 5 min) and 
subsequently stored at 4°C for 8 weeks. Treatment at 200 MPa did not 
significantly prevent the outgrowth of yeasts and moulds, but in samples 
subjected to pressures ≥300 MPa, the outgrowth of yeasts and moulds was 
effectively controlled for 6 to 8 weeks. Treatment of cheese within the range of 
300-600 MPa had no significant effect on variation of titratable acidity within the 
first 3 weeks of storage, although it reduced the viable count of Lactococcus by 
5-7 logs.  
 xix 
The sensory attributes and textural properties of fresh lactic curd cheese, as 
determined by an untrained sensory panel and a TA-XT2 texture analyser, were 
not adversely affected by HPP at 300 or 600 MPa. The rate of proteolysis in 
cheese during refrigerated storage was substantially reduced by treatment at 
600 MPa. 
 
Fermented milk models were prepared by individually growing Lactococcus 
lactis subsp. lactis C10, Lactococcus lactis subsp. cremoris BK5, Streptococcus 
thermophilus TS1, Lactobacillus acidophilus 2400 and Lactobacillus delbrueckii 
subsp. bulgaricus 2517 in UHT skim milk and diluting the resulting fermented 
milk with UHT skim milk up to pH 6.5. Samples at different pH levels were 
treated at 300 and 600 MPa (≤22oC, 5 min) and stored along with untreated 
controls at 4oC for 8 weeks. Pressure treatment of the pH 5.2 milk model 
resulted in substantial inhibition of post-processing acidification during storage 
and markedly reduced the viable count of Lactococcus at both 300 and 600 
MPa and other bacteria only at 600 MPa. The viability of Streptococcus and 
Lactobacillus was not affected by treatment at 300 MPa. 
 
Treatment of the milk model at 600 MPa decreased the viable counts of 
Candida zeylanoides and Candida lipolytica (wildtype spoilage yeasts of lactic 
curd cheese, added as challenge cultures) from 105 CFU mL-1 to below the 
detection limit (log 0 CFU mL-1) at all pH levels tested (pH 4.3-6.5) and 
effectively controlled their outgrowth for 8 weeks. Treatment of milk model at 
300 MPa had a similar effect only on C. zeylanoides. The viable count of C. 
lipolytica was reduced by 2.6, 2.4 and 2.3 logs by treatment at 300 MPa at pH 
 xx 
levels of 4.3, 5.2 and 6.5, respectively, which subsequently recovered by 2.9, 
2.8 and 3.2 logs within 3 weeks. 
 
Glycolytic enzymes of various starter bacteria showed different responses to 
pressure treatment. The lactate dehydrogenase (LDH) in L. lactis subsp. lactis 
C10 and Lb. acidophilus 2400 was quite resistant to pressures up to 600 MPa, 
but it was almost completely inactivated in S. thermophilus TS1 at pressure 
levels as low as 300 MPa. The β-galactosidase (β-gal) in Lb. acidophilus 2400 
was more pressure stable than β-gal in S. thermophilus TS1 and Phospho-β-
galactosidase (P-β-gal) in L. lactis subsp. lactis C10. 
 
The findings of this study suggests HPP at 300-600 MPa as an effective method 
for controlling the outgrowth of some spoilage yeasts and moulds in fresh lactic 
curd cheeses. The results obtained with selected lactic acid bacteria in 
fermented milk models can be used to assist in establishing HPP operating 
parameters for development of new generation cultured dairy products, of 
reduced acidity and extended shelf-life. 
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CHAPTER 1 
INTRODUCTION 
 
 
 
Food preservation has traditionally been associated with thermal processing 
alone or in combination with chemical or biochemical methods. More 
specifically, the thermal processing of milk has ranged from 63oC for 30 min for 
low temperature long time (LTLT) and 72oC for 15 s for high temperature short 
time (HTST) pasteurisations up to ~140oC for a few seconds for ultra high 
temperature (UHT) treatment (Pearce, 2004; Juffs and Deeth, 2007). Long-term 
preservation by heat alone tends to adversely affect the product's freshness 
and nutritional and sensory attributes. The conventional approach to overcome 
the limitations involved with thermal processing has been to employ chemical 
preservation, effective cool chain management and process hygiene in the 
formulation and production of food products. An ideal processing method is one 
that inactivates micro-organisms and halts deteriorative enzymic reactions 
without adversely affecting food quality attributes. 
 
The recent availability of suitable equipment, as well as the increasing 
consumer demand for safe, minimally processed, preservative-free foods with 
an extended shelf-life has stimulated interest in using new-generation 
innovative non-thermal processing methods in the food industry.  A number of 
non-thermal processes are under study, but only some have been developed 
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commercially, including high pressure processing (HPP), ultra violet light and 
pulsed electric field processing. 
 
In recent years, amongst the different non-thermal processing technologies, 
HPP has been of greatest interest to manufacturers of consumer-ready foods 
mostly due to the ability of the procedure to preserve food with minimum 
process-induced damage.  In addition, the availability of commercial-scale 
equipment from a number of manufacturers has also contributed to this interest. 
Although the history of HPP of foods dates back more than a century (Hite, 
1899), comprehensive studies in this field have been undertaken only in recent 
years.  Earlier studies (Nakayama et al., 1996; Mussa and Ramaswamy, 1997) 
have shown that by subjecting foods to high pressures in the range of 300-400 
MPa, vegetative cells of micro-organisms and certain enzymes can be 
inactivated at ambient temperature without degradation of flavour and nutrients. 
However, bacterial spores can only be killed by very high pressures (≥600 MPa) 
in combination with mild heating at 60-70°C (Smelt, 1998). Pulsed or oscillating 
pressurisation in conjunction with heat is claimed to be more effective in spore 
inactivation (Furukawa et al., 2000; Meyer et al., 2000). 
 
The first steps to commercialise HPP were taken in Japan in the early 1990s for 
the pasteurisation of acid foods for chilled storage. In Europe and the USA 
however, in spite of massive research efforts in recent years, commercial 
development has been slow so far, mainly due to the high cost of the initial 
investment in HPP equipment. The number of industrial HPP plants around the 
world was about 82 by the end of 2005, with pressure cylinder volumes from 35 
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to 360 L, and an annual production volume of over 100,000 tons (Knorr et al., 
2006). Recent estimates of the number of industrial high pressure units for food 
use internationally are in excess of 110 by the end of 2008 (Personal 
communication, C. Tonello, NC Hyperbaric, Spain, 2008). An ever increasing 
range of pressure-treated products is being introduced into markets, including 
fruit and vegetable juices (France, Japan, USA, Portugal, UK, Italy), acidified 
avocado purée (guacamole) and salsa dips (USA), sliced cured cooked and 
raw-cooked hams, tapas and other processed meats and poultry products 
(Spain, USA), seafood including oysters, clams, mussels, scallops, shrimps, 
crabs and squids (USA, Japan), beverage blends (USA), rice cakes (Japan), 
jams, jellies, tropical fruits, fruit sauces and fruit deserts (Japan, USA), yoghurt 
(Japan) and smoothies (UK) (Torres and Velazquez, 2005; Rastogi et al., 
2007). 
 
Extensive research is being conducted internationally evaluating the effects of 
HPP on milk components, including casein micelles, whey proteins, enzymes 
and bioactives, and on the inactivation of spoilage and pathogenic organisms 
important in dairy foods (Trujillo et al., 2002). For example, a study by Capellas 
et al., (1996) has shown that the refrigerated shelf-life of pasteurised goat’s milk 
cheese can be extended by subjecting the cheese to high pressure in the range 
of 400-500 MPa for 5-15 min. 
 
The objective of the current study was to determine the effectiveness of HPP for 
extending the shelf-life of fresh lactic curd cheeses, which traditionally have 
short shelf-life of about 3-4 weeks at refrigerated temperatures due to souring 
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and outgrowth of yeasts and moulds towards the end of the storage periods. 
Additional objectives were i) to determine the combined effects of pressure and 
pH on the inactivation of selected lactic acid bacteria (LAB) and the glycolytic 
enzymes of these bacteria in test systems in an attempt to explain the results 
observed in the product investigations, and ii) to define a set of high pressure 
operating parameters that could be used in future product development 
research for pressure-treated curd-based products.  
 
A number of speciality cheese manufacturers in Victoria, Australia who produce 
high quality fresh lactic cheeses are keen to further extend the shelf-life of their 
product to enable them to enter expanding export markets. However, at the 
present time the only means of achieving this objective is by using 
preservatives. As this would be unacceptable to consumer concerns about food 
additives, manufacturers are therefore keen to find alternative technologies and 
processing methods to facilitate entry to export markets.  The establishment in 
2003 of Innovative Food Centre in Food Science Australia through a Victorian 
State Government initiative, and the availability of a 35 L isobaric vertical high 
pressure unit was a key factor for considering HPP for shelf-life extension of 
fresh lactic curd and the potential development of new pressure-treated curd-
based products.  
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CHAPTER 2 
BACKGROUND STUDY AND LITERATURE REVIEW 
 
 
 
In the first part of this chapter, after introducing the technological aspects of 
HPP, the potential applications for the food industry will be discussed, with 
emphasis on preservation of dairy products. In the second part, the 
manufacture of fresh lactic curd cheese varieties and technological challenges 
associated with these products will be reviewed. 
 
 
2.1 HIGH PRESSURE PROCESSING OF FOODS 
2.1.1 What is high pressure processing? 
 
High pressure processing (also known as Pascalisation) is an emerging non-
thermal processing technology capable of inactivating many indigenous food 
enzymes, food-borne pathogens, and spoilage micro-organisms at refrigeration, 
ambient or moderate heating temperatures, with minimal degradation in texture, 
colour, flavour and nutritional quality of foods, as compared to conventional food 
preservation technologies (Cheftel, 1995; Knorr, 1993; Velazquez et al., 2002). 
In this technology, foods usually in their final flexible package are subjected to a 
high level of uniform hydrostatic pressure within the range of 150 to 700 MPa 
for a period lasting from a few seconds up to several minutes. 
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High pressure processing is based on the principles of hydrostatic pressure. 
Hydrostatic pressure is defined as isostatic (isobaric) pressure transferred by 
water. It is equal from every direction. In fact, one of the unique advantages of 
HPP is that pressure transmission is uniform and nearly instantaneous 
throughout the food and thus independent of food geometry and package, and 
equipment size (Torres and Velazquez, 2005). In other words, all parts of foods 
are subjected to the same pressure at exactly the same time, unlike heat 
processing where temperature gradients are usually established. Thus, food 
products are not distorted, damaged or deformed even at very high pressure 
levels. 
 
Another unique advantage of HPP is that the pressure, at the levels used in the 
food industry, mainly acts on non-covalent bonds, such as hydrogen, ionic and 
hydrophobic bonds and has only a limited effect on covalent bonds within 
biological matter (Mozhaev et al., 1994). Consequently, many of the food 
components responsible for sensory and nutritional properties of foods, such as 
flavour components, amino acids, vitamins and other small molecules are 
unaffected or only marginally influenced by high pressure, while the structure 
and functionality of large molecules such as proteins, enzymes, 
polysaccharides and nucleic acids may be altered (Balci and Wilbey, 1999). 
 
High pressure processing can bring a number of benefits into the food industry. 
The main areas of interest in high pressure processing of foods are: food 
preservation by inactivation of micro-organisms; modification of biopolymers, 
e.g. denaturation, aggregation and gel formation of food macromolecules; 
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enzyme activation or inactivation; and quality retention, especially in terms of 
flavour and colour (Stewart et al., 2006). 
 
 
2.1.2 History of food preservation by high pressure processing 
 
The use of high pressure processing for food preservation was first examined 
more than a century ago by Hite (1899) in milk at the Agricultural Experimental 
Station in Morganstown, West Virginia, USA, who found that treatment at 689 
MPa and room temperature (RT) for 10 min reduced the microbial load of milk 
by 5-6 logs, but did not inactivate bacterial spores. The high pressure treatment 
was later applied to preserve fruits and vegetables (Hite et al., 1914). Hite’s 
work was published in the Station’s Bulletin, but did not attract wide recognition 
at that time (Farkas, 2005).  
 
In another early work on high pressure processing of foods, Bridgman (1914) 
observed that high pressure coagulated the egg white (albumen) resulting in the 
formation of a substance with a texture similar to that of hard-boiled egg.  
 
Research on high pressure processing of foods was abandoned for about 70 
years, due to the high equipment and maintenance costs, technological 
problems and the inability to work on a large scale. During the 1970s and 1980s 
advances were made in the application of high pressure processing in chemical, 
ceramic, carbon allotropy, metallurgical and plastic industries, that led to 
renewed interest in its application in the food industry since early 1980s. 
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In 1982, researchers at the University of Delaware attempted to replicate Hite's 
work using a cold isostatic press, and demonstrated that treatment at ~350 MPa 
inactivated a wide range of pathogenic and spoilage micro-organisms (Farkas, 
2005). During 1982-1988, other researchers in Japan and the USA undertook 
independent studies on food preservation by high pressure processing and 
presented their findings at a food processing meeting in Cologne, Germany in 
1988. 
 
Following the formation of a research consortium by the Japanese food industry 
in 1988, with the aim to commercialise high pressure preservation of foods, the 
first pressure-treated products were marketed in Japan by the Meidi-ya Food 
Company in 1990, including fruit jams and jellies, sauces, salad dressings and 
yoghurt, packaged and processed at ~400 MPa without application of heat 
(Thakur and Nelson, 1998). 
 
Comprehensive studies conducted since 1993 on the development of food 
preservation using HPP by the US Army in collaboration with the University of 
Delaware and Oregon State University, resulted in the successful preservation 
of spaghetti with meat sauce, Spanish rice, yoghurt with peaches and a fruit 
mix. Samples were shown to be microbiologically stable for up to 120 days at 
room temperature.  Sensory tests showed that quality would be best if products 
were refrigerated (Farkas, 2005). 
 
Various studies conducted in different countries on food preservation by HPP 
led to commercialisation of foods such as orange juice in France in 1995, 
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avocado puree (guacamole) and sliced cooked ham in the USA and Spain in 
1997 and oysters in the USA in 1999. High pressure-treated salsas were also 
launched in the USA market in 2000. 
 
Estimates of commercial HPP plant for food use in 2005 were 85 (Knorr et al., 
2006) and it is believed this will increase to >110 by the end of 2008 (Personal 
communication, C. Tonello, NC Hyperbaric, Spain, 2008). 
 
 
2.1.3 Technological requirements 
2.1.3.1 Packaging 
 
The technology of HPP is mainly a batch system in which food products are 
pressurised in their final flexible packages. Since the product is compressed 
during pressurisation and regains its original volume upon decompression, 
airtight packages that can withstand the volume change are required (Hugas et 
al., 2002). Vacuum packaging of foods in flexible plastic pouches or containers 
is the most appropriate type of packaging for HPP. Firm packaging materials 
that do not withstand the high pressure or cannot transfer the pressure to the 
products are not suitable for high pressure treatment of foods. 
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2.1.3.2 Pressure range 
 
The maximum achievable pressure is around 1,000 MPa (nearly 10,000 times 
the atmospheric pressure). The pressure created by 10,000 kg on 1 cm2 is 
equal to ca. 1,000 MPa. The maximum pressure currently used in the food 
industry is around 700 MPa. The choice of processing pressure is dependent on 
the product to be treated, the processing equipment available and the desired 
results. 
 
 
2.1.3.3 Pressure treatment system 
 
The main components of a high pressure processing system are: a pressure 
vessel of cylindrical design and its closure capable of sustaining the required 
pressure, pressure-transmitting fluid, a pressure-generating system which may 
include one or more pumps, a temperature-control device and material handling 
system (Mertens, 1995). Water is the most common medium for pressure 
transmission; however, compound such as castor oil, silicone oil, corn oil, 
sodium benzoate, ethanol and glycol blends are also used for lubrication and 
anticorrosion purposes (Mertens and Deplace, 1993; Needs, et al., 2000b; 
Mainville et al., 2001; Walsh-O’Grady et al., 2001; Johnston et al., 2002b). The 
temperature of food increases during pressurisation as a result of compression 
and it is necessary to cool the product to appropriate temperature if heat 
damage is to be avoided. It has been shown that the application of HPP 
increases the temperature of the liquid component of the food by approximately 
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3oC per 100 MPa or 9oC per 100 MPa if the food contains a significant amount 
of fat (Rasanayagam et al., 2003). 
 
Industrial high pressure treatment of foods is currently conducted in batch or 
semi-continuous systems with pressure vessel capacities of 35-687 L of vertical 
or horizontal design. Batch process is the only possible method for high 
pressure treatment of solid food products or foods with large solid particles in 
which the pre-packaged foods are loaded into the vessel, the lid is closed and 
water is pumped into the vessel as the system is vented. Once the desired 
pressure is reached, pumping is stopped and the pressure is maintained without 
further need for energy input. The pressure is released after the desired 
treatment time has elapsed, the food packages are then unloaded and the 
system is reloaded with product either by operator or automatically (Ting and 
Marshall, 2002). The total time required for pressurisation, holding and 
depressurisation is referred to as a ‘cycle’ which is an important technological 
factor in determining the throughput of the system. 
 
In the case of liquids (e.g. fruit juices), slurries and other pumpable products, 
the whole vessel can be filled with the product, which itself becomes the 
pressure-transmitting medium. After treatment, the material can be pumped to 
an aseptic filling line, similar to that used for ultra high temperature (UHT) 
processed liquids to be packaged in glass bottles or gable cartons (Ting and 
Marshall, 2002). A semi-continuous HPP system with a capacity of processing 
600 L of liquid per hour is commercially used in Japan for processing grapefruit 
juice at a maximum pressure of 400 MPa (Palou et al., 2002). 
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A 35 L vertical HPP unit (Avure Technologies Incorporated, Kent, WA, USA), 
similar to the one used in our study, is shown in Figure 2-1. This unit can 
process up to 25 kg of food per cycle, depending on the product size and 
packaging, at pressures up to 600 MPa. The system dimensions are: 3.5 m L x 
3.4 m W x 3.5 m H. The pressure vessel is opened and closed automatically by 
movement of the axial frame (Figure 2-1). 
 
 
 
  
 
  
 
 
 
 
 
 
 
 
Figure 2-1 The QFP 35L–600 High Pressure Food Processing System by 
Avure Technologies 
 
 
 
 
Figure 2-2 shows a 320 L HPP vertical unit (Avure Technologies Incorporated, 
Kent, WA, USA), designed for moderate pressurisation (maximum 400 MPa) of 
seafood. This system is particularly used for shellfish shucking. This unit can 
 13 
process up to 250 kg food per cycle, depending on the product size and 
packaging.  
 
 
 
Figure 2-2 The QFP 320L–400 High Pressure Seafood Processing System by 
Avure Technologies  
 
 
The horizontal 687 L HPP unit (Avure Technologies Incorporated, Kent, WA, 
USA), shown in Figure 2-3, is the largest standard HPP system for moderate 
pressure applications such as shellfish shucking (meat removal) and ready-to-
cook meat processing. One of the advantages of this system is that the 
horizontal layout can avoid certain existing factory height constraints. 
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Figure 2-3. The H687L High Pressure Processing System by Avure 
Technologies 
 
 
2.1.4 Microbial inactivation by HPP 
 
Microbial inactivation is the most common objective of high pressure processing 
of foods. Today, HPP is commonly used for many food products as an effective 
non-thermal preservation method, alone or in combination with heat treatment, 
to enhance the product’s safety by eliminating pathogens and shelf-life 
extension by inactivating the spoilage micro-organisms. 
 
Microbial inactivation by HPP is not only dependant on the pressure level, 
duration of pressurisation (holding or exposure time), and process temperature, 
but it is also affected by the type, form, genus, species and strain of micro-
organism, and the composition, pH, water activity and other characteristics of 
the dispersion medium. In addition, the efficiency of pressure inactivation of 
micro-organisms can be strongly influenced by the growth stage (phase), the 
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temperature and the presence of different co-solvents which may either have 
protective effects against pressure inactivation or act synergistically leading to 
more inactivation (Balci and Wilbey, 1999). 
 
 
2.1.4.1 Pressure-sensitivity of micro-organisms 
 
Various micro-organisms show different sensitivity against inactivation by high 
pressure treatment. The pressure sensitivity of micro-organisms may even vary 
between strains of the same species and with the stage of the growth cycle at 
which the micro-organisms are subjected to high pressure treatment. Yeasts 
are relatively more sensitive to pressure; however, wide differences among 
genus have been reported (Shigehisa et al., 1991; Smelt, 1998; Mañas and 
Pagán, 2005; Patterson, 2005). Yeasts are single-celled fungi and generally not 
associated with food-borne diseases, but are important in spoilage, especially in 
acidic foods. Most yeast can be inactivated by treatment below 400 MPa for a 
few minutes. The nuclear membrane of yeasts is affected at pressures ~100 
MPa and further alteration occurs in the mitochondria and cytoplasm at 
pressures >400-600 MPa (Smelt, 1998). Pressure-induced inactivation of 
yeasts makes the HPP-treatment an effective method for controlling yeast 
spoilage and extending shelf-life of acidic foods such as fruit-based products. 
 
Vegetative forms of moulds (mycelial fungi) are relatively sensitive to pressure 
and can be inactivated at 300-600 MPa, while ascospores are more resistant 
(Knorr, 1995; Patterson, et al., 1995; Butz et al., 1996; Smelt, 1998; Voldrich et 
al., 2004; Hocking et al., 2006). 
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Vegetative bacterial cells are usually inactivated at ≥300 MPa at ambient 
temperature, but bacterial spores need higher pressures (≥600 MPa) and 
temperature (60-70oC) depending on the bacterial species to be inactivated 
(Smelt, 1998; Farkas and Hoover, 2000; McClements et al., 2001). Inactivation 
of spores by high pressure requires an initial treatment to germinate spores 
followed by a second treatment to inactivate germinated spores (Sale et al., 
1970; Heinz and Knorr, 2001). 
 
Micro-organisms’ response to both pressure and heat treatments are similar in 
some aspects. For example, Gram-positive bacterial cells are generally more 
resistant to heat and pressure than Gram-negative bacterial cells (Cheftel, 
1992; Smelt, 1998). It has been suggested that the more complex structure of 
the cell membrane in Gram-negative bacteria makes them significantly more 
susceptible to physiological changes caused by pressure (Shigehisa et al., 
1991; Patterson and Kilpatrick, 1998). However, a number of micro-organisms, 
such as certain strains of Escherichia coli O157:H7, Salmonella spp. and 
Staphylococcus aureus that are known to possess relatively low heat 
resistance, have shown extreme resistance to pressure (Patterson et al., 1995; 
Erkmen and Karatas, 1997; Patterson and Kilpatrick, 1998; Linton et al., 2001). 
 
Cells in stationary phase of growth have been found to be more resistant to 
pressure than those in exponential phase as they have a more robust 
cytoplasmic membrane that can better tolerate pressure treatment (Mackey et 
al., 1995; McClements et al., 2001; Mañas and Mackey, 2004). Mackey et al., 
(1995) reported a 1.3 log reduction in the viable numbers of Listeria 
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monocytogenes cells at the stationary phase by treatment at 400 MPa for 10 
min, whereas the exponential phase cells were reduced by more than 7 logs.  
 
The resistance to pressure can also be affected by the morphology of the cells. 
The most sensitive bacteria are rod-shaped and the most resistant ones are 
spherical (Ludwig and Schreck, 1997); however, lactococci inoculated into 10% 
(w/v) reconstituted skim milk (RSM) showed more sensitivity to high pressure 
treatment (100-350 MPa) than lactobacilli (Casal and Gomez, 1999). 
 
High concentrations of salt, sugars and glycerol may increase microbial 
resistance to high pressure due to the reduced water activity (Hoover et al., 
1989; Cheftel, 1992 and 1995). 
 
 
2.1.4.2 Mechanisms of microbial inactivation by HPP 
 
The pressure-induced inactivation of vegetative cells is believed to be due to 
damage to the subcellular structures, and morphological, biochemical and 
genetic alterations that not only inhibit microbial growth but can also cause cell 
death (Landau, 1967; Hoover et al., 1989; Osumi et al., 1992; Cheftel, 1995; 
Kobori et al., 1995). Many microbial subcellular structures including the cell 
membrane and nucleoid, ribosomes, and enzymes are affected by high 
pressure (Gross et al., 1993; Cheftel, 1995; Smelt, 1998; Balci and Wilbey, 
1999). Although the mechanisms of pressure-induced microbial inactivation are 
not completely understood, damage to the cell membranes and membrane-
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bound enzymes (ATPases) that control transport phenomena involved in 
nutrient uptake and waste disposal is generally accepted to be the primary 
mechanism (Morita, 1975; Earnshaw, 1992; Wouters et al., 1998; Ulmer et al., 
2000; Gänzle and Vogel, 2001; Chilton et al., 2001; McClements et al., 2001; 
Casadei et al., 2002; Torres and Velazquez, 2005). However, inactivation 
(denaturation) of key enzymes, including those involved in the DNA replication 
and transcription, as well as the disruption of ribosomes may also play a role 
(Hoover et al., 1989; Linton and Patterson, 2000). 
 
Microbial inactivation may be achieved at lower pressure levels by decreasing 
pH, increasing temperature or adding antimicrobial compounds such as 
bacteriocins, sorbic or benzoic acids, ethanol, spice extracts, lysozyme or 
chitosan (Popper and Knorr, 1990; Papineau et al., 1991; Kalchayanad et al., 
1998; ter Steeg et al., 1999; Morgan et al., 2000; Masschalck et al., 2001a and 
2001b; Karatzas et al., 2001). The application of HPP (200-500 MPa) combined 
with other hurdles such as mild heat or the bacteriocins such as nisin or lacticin 
has been reported to improve the rate of inactivation of indigenous or inoculated 
micro-organisms, particularly Gram-negative bacteria in milk and fresh cheeses 
(Capellas et al., 2000; Morgan et al., 2000; Black et al., 2005). 
 
 
2.1.4.3 Pressure-mediated cell injury 
 
High pressure treatment may not always result in complete inactivation of 
micro-organisms, but it may injure a proportion of the microbial population. The 
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injured cells may be able to recover after treatment under optimal conditions of 
storage in a suitable substrate (McClements et al., 2001). The recovery of 
pressure-injured cells is usually inhibited at acidic pH levels. Some compounds 
such as sodium chloride added to the growth media are known to selectively 
inhibit the recovery of injured cells (Patterson et al., 1995). 
 
 
2.1.4.4 Effect of substrate on microbial inactivation by HPP 
 
Microbial inactivation by HPP is significantly influenced by the composition of 
the suspending medium. Different levels of microbial inactivation may be 
achieved when different substrates are used. A treatment at 375 MPa for 30 
min and 20oC resulted in a 6 log reduction of the viable count of E. coli O157:H7 
in phosphate buffer (pH 7.0), but only a 2.5 log reduction in poultry meat and a 
1.75 log reduction in milk (Patterson et al., 1995). Garcia-Graells et al. (1999) 
found that the level of pressure-induced inactivation of E. coli MG1655 was 7 
logs in phosphate buffer treated at 400 MPa, but only 3 logs in milk even at 700 
MPa (20oC, 15 min). Messens et al. (1999) reported only a 5.5 log reduction in 
the viable count of L. lactis subsp. lactis in fresh Gouda cheese by treatment at 
400 MPa for 60 min, while Malone et al. (2002) achieved ≥7.5 log reductions of 
Lactococcus lactis subsp. cremoris strains in buffer suspensions treated at ≥400 
MPa for 5 min. Despite the starter being from the same species, treatment in a 
cheese matrix resulted in less inactivation of the stater culture at the same 
pressure for longer treatment time. The degree of microbial inactivation will be 
influenced by the environmental matrix. 
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Proteins, carbohydrates, lipids and minerals may exert a protective effect 
against microbial inactivation by high pressure, usually referred to as a 
‘baroprotective effect’. The baroprotective effects of bovine serum albumin 
(BSA), glucose and olive oil on Listeria monocytogenes strains in model food 
systems have been demonstrated by Simpson and Gilmour (1997). A strong 
baroprotective effect of milk constituents on L. monocytogenes 4a KUEN 136 
and L. innocua 4202 is reported by Dogan and Erkmen (2004) and Black et al. 
(2007), respectively. Black et al. (2007) attributed this effect to a combination of 
HPP-induced solubilisation of colloidal calcium phosphate (CCP) with a 
concomitant increase in the buffering capacity of milk and stabilisation of the 
cell membrane by divalent cations such as Ca2+ and Mg2+. 
 
The baroprotective effect of solutes such as sugars and salts at high 
concentration has been attributed to the reduced water activity (aw) that may 
result in cell shrinkage and thickening of the cell membrane, thus reducing the 
cell size and membrane permeability and fluidity (Knorr, 1993 and 1994; Oxen 
and Knorr, 1993; Palou et al., 1997; Takahashi et al., 1993; Molina-Höppner 
(2004). Oxen and Knorr (1993) found better survival of the yeast Rhodotorula 
rubra when treated at room temperature with 200-400 MPa for 15 min, by 
reducing the water activity of the medium from 0.98-1.0 to 0.94-0.96 by adding 
high concentrations of sucrose, glucose, fructose, or sodium chloride in the 
suspending medium. A similar baroprotective effect of reduced water activity 
was reported by Takahashi et al. (1993) for E. coli and Saccharomyces 
cerevisiae and by Molina-Höppner (2004) for L. lactis by the addition of 2-4 M 
sodium chloride to the suspending medium. 
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Ogawa et al. (1990) found that the pressure-induced inactivation of yeasts and 
moulds in freshly squeezed Satsuma mandarin (Citrus unshiu) juice and 
concentrate at ≥200 MPa decreased as the soluble solids concentration 
increased. This may reflect a baroprotective effect being observed due to lower 
water activity in the concentrate resulting in less pressure-inactivation of yeast 
cells. 
 
 
2.1.4.5 Effects of pH on microbial inactivation by HPP 
 
The pH of suspending media at the time of pressure treatment can affect the 
pressure-induced inactivation of micro-organisms. It has been shown that 
pressure and pH may act synergistically leading to increased microbial 
inactivation and inability of sub-lethally injured cells to recover during 
subsequent storage. Mackey et al. (1995) reported a progressive increase in 
the sensitivity of L. monocytogenes to pressure treatment by reducing the pH of 
the suspending medium. Stewart et al. (1997) found that by changing the pH of 
0.1 M phosphate buffered saline (PBS) from 6.0 to 4.0, an additional 3 log 
reduction in the viability of L. monocytogenes CA was achieved by treatment at 
353 MPa and 45oC for 10 min.   
 
Alpas et al. (2000) reported a significant increase in the lethality of eight food-
borne pathogenic bacterial strains (S. aureus 485 and 765, L. monocytogenes 
CA and OH2, E. coli O157:H7 933 and 931, Salmonella enteritidis FDA and 
Salmonella typhimurium E21274) at 345 MPa (25-35oC, 5 min) by reducing the 
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pH of cell suspensions from 6.5 to 5.5 and to 4.5. Adding 1% lactic acid or 2.1% 
citric acid to the suspending medium increased the pressure-induced 
inactivation by 1.2-3.9 logs at pH 4.5. 
 
The pH of suspending media may not always affect the inactivation of micro-
organisms by high pressure treatment. Ogawa et al. (1990) reported that the 
pressure-induced inactivation of yeasts and moulds inoculated in Satsuma 
mandarin juice, was not affected by either the juice pH (2.5-4.5) or the type of 
organic acids (citric, tartaric, lactic, or acetic acid) used for acidification of juice 
before treatment at 100-600 MPa. 
 
High pressure treatment may limit the pH range that bacteria can tolerate, 
possibly due to the inhibition, denaturation or dislocation of membrane-bound 
enzymes (ATPases) responsible for transferring protons and cations (Pagán et 
al., 2001; Wouters et al., 1998).  
 
 
2.1.5 High pressure-induced changes in dairy products 
 
In this section the effects of HPP on total microflora, lactic acid bacteria (LAB), 
native and microbial enzymes, rennet coagulation, ripening and microstructure 
of cheese are discussed. 
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2.1.5.1 Inactivation of total microflora, pathogens and psychrotrophs 
 
Milk is an excellent medium for the growth of many micro-organisms that 
negatively affect its safety and quality. Low temperature long time (LTLT) (63oC, 
30 min) and high temperature short time (HTST) (72oC, 15 s) pasteurisations, 
and ultra high temperature (UHT) (~140oC for a few seconds) treatment are the 
main methods in combination with hygienic milk harvesting for the elimination of 
pathogens in milk (Pearce, 2004; Juffs and Deeth, 2007). Most dairy products in 
Australia are produced from pasteurised milk for safety reasons; however, some 
cheeses in some countries are made from raw milk for the purpose of 
development of specific flavours and textures or enhancement of ripening. 
Many ripened cheese varieties are manufactured from raw milk in 
Mediterranean countries (Buffa et al., 2001); however, this practice is not 
permitted in Australia. 
 
The application of HPP for milk preservation dates back over a century when 
Hite (1899) found a 5-6 log reduction in the total microbial load of milk treated at 
ca. 680 MPa for 10 min at RT. The combined effect of pressure and 
temperature (67-71oC) further increased milk’s shelf-life (Hite, 1899). 
Comprehensive studies have been undertaken since early 1990s to examine 
pressure inactivation of various indigenous microflora and exogenously added 
(inoculated) micro-organisms in milk and other dairy products. Although HPP 
may have the potential to replace milk pasteurisation under specific conditions, 
further information is required about the risks associated with pressure 
resistance of the traditional milk pathogens i.e. Mycobacterium tuberculosis and 
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Coxiella burnetti (the most heat-resistant organism of public health significance) 
(Cerf and Condron, 2006). In addition, critical process parameters that can 
affect pressure-inactivation of micro-organisms, including initial temperature, the 
pressure level, time to achieve target pressure level, holding time, 
decompression time and treatment temperature need to be validated if HPP is 
to replace pasteurisation (NACMCF, 2004). 
 
Timson and Short (1965) found a 3.5 log reduction in the indigenous microflora 
of raw milk by treatment at 70 MPa and 13oC for 13 min. A 3.0 log reduction in 
the total microflora of raw bovine colostrum by treatment at 200 MPa and 20oC 
for 16 h was reported by Tonello et al. (1992). 
 
Mussa and Ramaswamy (1997) achieved reductions of 3.5 and 4.0 logs in raw 
whole milk microflora by treatment at 350 MPa for 20 and 32 min, respectively. 
The latter sample had shelf-lives of 25, 18 and 12 days when stored at 0, 5 and 
10oC, respectively.  
 
Trujillo et al. (1999) and Buffa et al. (2001) found that treatment at 500 MPa 
(20oC, 15 min) was as efficient as HTST pasteurisation (72oC, 15 s) in reducing 
the microflora of goat’s milk including total bacterial count, psychrotrophs, 
lactobacilli, Enterobacteriaceae and Micrococcaceae. Buffa et al. (2001) 
reported a significantly higher level of Lactobacillus count in raw milk cheese 
than cheeses made from pasteurised or pressure-treated milk during ripening, 
although lactobacilli and lactococci were the predominant microflora in all 
cheeses, followed by Micrococcaceae and Enterobacteriaceae. Drake et al. 
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(1997) found a comparable microbiological quality (coliforms, psychrotrophs 
and total counts) in pasteurised and pressurised milks, and in cheeses made 
from these milks. 
 
Listeria monocytogenes, S. aureus, E. coli, Brucella species, Mycobacterium, 
Salmonella and spore-forming bacteria (e.g. Bacillus cereus) are the major 
pathogenic bacteria in dairy products especially in raw milk (Hahn, 1996). 
Listeria monocytogenes is a Gram-positive rod-shaped bacterium, an important 
food-borne pathogen in acidified foods, dairy products and ready-to-eat meats. 
It is moderately heat-resistant and can grow aerobically or anaerobically under 
refrigeration conditions. Pressure-induced inactivation of L. monocytogenes has 
been investigated in various studies. Styles et al. (1991) showed that the 
decimal reduction time (D-value) of L. monocytogenes Scott A serotype 4b 
inoculated in UHT and raw milk was 13.2 and 9.2 min, respectively when 
treated at 340 MPa at 23oC. It was suggested that the lower D-value in raw milk 
could be due to the presence of heat-labile antimicrobial compounds acting 
synergistically with hydrostatic pressure to enhance bacterial inactivation. 
 
Pandey et al. (2003a) treated raw milk containing a high count of indigenous 
microflora with and without inoculated E. coli K-12 (ATCC-29055) at 250-400 
MPa for various holding times (0-80 min) at two temperatures (3 and 21oC) and 
found that higher pressures and longer holding times resulted in destruction of 
larger numbers of micro-organisms, and that E. coli was more pressure 
sensitive than indigenous microflora.  
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Capellas et al. (1996) inoculated pasteurised goat’s milk with E. coli 405 CECT 
(a good index of direct or indirect contamination of faecal origin) prior to use in 
cheese manufacture and treated the resulting cheese containing 108 CFU g-1 at 
400-500 MPa and 2, 10, and 25oC for 5, 10, and 15 min. No viable E. coli was 
found in the pressure-treated cheese samples after refrigerated storage for 1 
day, except in those treated at 400 and 450 MPa for 5 min and 25oC. No 
surviving colonies were detected in any of the pressure-treated samples after 
15, 30, or 60 days of refrigerated storage. 
 
Jin and Harper (2003) found that high pressure treatment of Swiss cheese 
slurries at 345 and 550 MPa for 10 and 30 min at 25oC significantly reduced the 
microbial population including starter bacteria, coliforms, Staphylococcus, and 
yeasts and moulds during ripening at 30oC. 
 
Combination of HPP at lower pressure levels with other preservation techniques 
such as mild heat treatment (up to 80oC) or using food-grade antimicrobial 
compounds has been shown to be more effective than applying high pressure 
alone, and could result in better preservation of the quality attributes of foods . 
Patterson et al. (1995) reported a 2 log reduction of E. coli O157:H7 NCTC 
12079 in UHT milk treated at 600 MPa for 30 min at 20oC, and later, Patterson 
and Kilpatrick (1998) found an 8 log reduction of the same strain by treatment at 
200 MPa for 15 min at 60oC or 700 MPa for 15 min at 40oC. 
 
Pulsed-pressure treatment, i.e. the application of consecutive, short pressure 
treatments interrupted by brief decompressions, has been shown to 
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substantially enhance the inactivation of pathogens such as L. monocytogenes 
(Vachon et al., 2002), E. coli (Garcia-Graells et al., 1999; Vachon et al., 2002) 
and Salmonella enteritidis (Vachon et al., 2002) by increasing the sensitivity of 
cells to pressure, offering a promising alternative for the cold pasteurisation of 
milk and possibly other low-acid liquid foods (Vachon et al., 2002). 
 
High pressure processing alone or combined with heat treatment may induce 
germination of spores and result in subsequent inactivation of vegetative cells. 
Shearer et al. (2000) found ca. 1 log reduction of B. subtilis 168 spores in milk 
when treated at 392 MPa (45oC, 10 min), but when sucrose laurate L1695 was 
added at concentrations of 0.1, 0.5 and 1%, reductions of 3, 3.5 and 4 logs 
were achieved. Further information about the mechanism of the synergistic 
effect of sucrose laurate on spore inactivation was not available. A 0.45 log 
inactivation of B. cereus NCFB 1031 spores in UHT milk was reported by 
McClements et al. (2001) following treatment at 400 MPa (30oC, 25 min). Van 
Opstal et al. (2004) found a 7 log inactivation of B. cereus LMG 6910 spores in 
UHT milk by treatment at 600 MPa (60oC, 30 min).  
 
Psychrotrophic bacteria, such as Pseudomonas species are predominant 
spoilage micro-organisms in some dairy products. Pseudomonas fluorescens is 
the most frequently isolated species from spoiled skim and whole milk; 
however, at pH values below 5.0 these organisms do not survive and grow 
(Craven and MacAuley, 1992; Deeth et al., 2002). López-Fandiño et al. (1996) 
found that the number of viable psychrotrophic bacteria in raw whole milk 
decreased more rapidly than the total aerobic count as pressure level 
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increased. At pressure levels ≥300 MPa, no viable psychrotrophic bacteria were 
detected by the plate count method (<10 CFU mL-1). At 200 MPa, the total 
bacterial count slightly decreased as the process time increased, while the 
psychrotrophic count was noticeably reduced during the first 20 min of 
treatment. 
 
Garcia-Risco et al. (1998) found that high pressure treatment of raw whole 
(3.5% fat) and skim (0.3% fat) milk at 400 MPa (25°C, 30 min) led to extended 
refrigerated (7oC) shelf-life. After 45 days of storage, the psychrotrophic and 
pseudomonads counts of the pressure-treated milks were lower than those 
found in untreated milk stored for only 15 days, although a recovery of sub-
lethally injured psychrotrophic bacteria was detected during storage (an 
increase of 1.7 logs within 45 days). No noticeable baroprotective effect of fat 
on the microbial inactivation was observed. 
 
 
2.1.5.2 Effects of HPP on lactic acid bacteria 
 
The effects of HPP on starter and non-starter LAB have been investigated by a 
number of researchers. Post-processing acidification, an important factor 
restricting the refrigerated shelf-life of some fermented dairy products such as 
yoghurts and fresh cheeses, may be controlled by inactivating starter and non-
starter bacteria or by reducing their glycolytic activity at high hydrostatic 
pressures. The pressure-damaged cells may exhibit lower acidification rates, 
even with treatments that do not severely affect cell viability. 
 29 
Tanaka and Hatanaka (1992) reported that high pressure treatment of full-fat 
yoghurts at 200-300 MPa (20oC, 10 min) prevented post-processing 
acidification while maintaining the initial viable numbers of Streptococcus 
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus in the product, 
suggesting that these bacteria may have been sufficiently injured by pressure to 
halt or slow down their metabolic activity and to prevent replication in low pH 
environment. However, treatment above 300 MPa prevented post-processing 
acidification but also decreased the number of viable LAB. de Ancos et al. 
(2000) reported significant reduction in the viable counts of S. thermophilus and 
Lb. delbrueckii subsp. bulgaricus and prevention of post-processing acidification 
in stirred low-fat yoghurt by pressure treatment at >200 MPa (20oC, 15 min). 
They also found that Lb. delbrueckii subsp. bulgaricus was more sensitive to 
pressure than S. thermophilus. 
 
Casal and Gomez (1999) found less acidifying activity of Lactobacillus casei 
and Lactobacillus plantarum than Lactococcus lactis inoculated in 10% RSM 
with no noticeable loss in the cell viability after treatment at 300 MPa (20oC, 20 
min). They attributed their findings to the effects of HPP on the enzymes 
responsible for lactose phosphorylation and transportation, and the events 
connected with the acid-base physiology of the cells. 
 
Krasowska et al. (2003) reported reductions of 0.67, 6.17, 6.47 and 6.00 logs in 
the viable counts of lactococci suspended in distilled water at 200, 400, 600 and 
800 MPa (20oC, 15 min), respectively. They found irreversible reductions in the 
viable numbers, inhibition of post-processing acidification and reduction of 
 30 
proteolytic activity to 20% of initial levels by a double pressurisation at 600 and 
800 MPa after 24 h.  
 
Wick et al. (2004) treated 1-month and 4-month old cheddar cheese with high 
pressure in the range of 200-800 MPa (25oC, 5 min) and observed that the 
number of viable Lactococcus lactis (starter) and Lactobacillus (non-starter) 
cells decreased as pressure level increased. The recovery of pressure-treated 
cells was detected in some cheese samples during subsequent ripening at 
10oC. For example, the viable number of L. lactis in 1-month old cheese that 
was initially reduced by >4 logs by treatment at 400 MPa, increased to the 
same level as the control cheese within 126 days of ripening. 
 
O’Reilly et al. (2002) found that L. lactis cells (strains 303, 223, 227 and AM2) 
were more pressure-tolerant in cheddar cheese than in 0.1 M citrate buffer (pH 
5.3). Lactococcus lactis 227 was the most pressure-tolerant and L. lactis AM2 
the most pressure-sensitive amongst the four strains. 
 
The growth medium pH may affect the inactivation of LAB by HPP. Wouters et 
al. (1998) found that Lactobacillus plantarum cells grown at pH 5.0 were more 
resistant to treatment at 250 MPa (2-240 min, RT) than those grown at pH 7.0. 
They related this difference in pressure-resistance to a higher activity of F0F1 
ATPase (ATP synthase or F-type ATPase; the enzyme responsible for 
synthesis of ATP from ADP in oxidative phosphorylation pathway consisting of a 
large multi-subunit enzyme made up of two major complexes, F0 and F1), a 
better ability to maintain a ∆pH (the difference between the cytoplasmic or 
 31 
internal pH and the pH of the external medium), or a high acid efflux of the cells 
grown at pH 5.0. 
 
Molina-Gutierrez et al. (2002) found no reduction in the viable counts of 
Lactococcus lactis or Lactobacillus plantarum in milk buffer (comprising 1.10 g 
L-1 KCl, 0.71 g L-1 MgSO4.7H2O, 1.87 g L-1 Na2HPO4.2H2O, 1.00 g L-1 
CaSO4.2H2O, 0.99 g L-1 CaCl2.2H2O, 2.00 g L-1 citric acid and 52 g L-1 lactose) 
treated at 200 MPa for up to 20 min at pH 6.5, while treatment at 300 MPa 
reduced viable counts of L. lactis and Lb. plantarum by 5 logs after 20 and 120 
min, respectively. 
 
 
2.1.5.3 Effects of HPP on indigenous milk enzymes 
 
Conformational changes in the structure of enzymes or enzyme substrates can 
lead to loss in their activity or alteration of functionality (Tsou, 1986). Enzyme-
substrate contact can be facilitated by HPP-induced damage of cell 
membranes; however, the resulting reaction itself can either be accelerated or 
delayed by pressure (Morild, 1981; Butz et al., 1994; Gomes and Ledward, 
1996). 
 
Milk contains about 50 enzymes, some important in the stability of dairy 
products (Varnam and Sutherland, 1994). Alkaline phosphatase (AlP) is known 
as one of the most important native enzymes in milk. This enzyme is a 
glycoprotein which catalyses the hydrolysis of phosphoric monoesters 
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(Schlimme et al., 1997). It has been commonly used as an indicator of the 
effectiveness of milk pasteurisation since 1933. Different studies have shown 
that AlP was still active in milk treated at 300-400 MPa for 20-60 min (Johnston, 
1995; López-Fandiño et al., 1996; Mussa and Ramaswamy, 1997). Some 40% 
loss of AlP activity was reported in raw milk treated at 600 MPa for 8 min at 
20oC (Rademacher et al., 1998). Almost complete inactivation of AlP was 
obtained at pressures above 700 MPa (Johnston, 1995; Rademacher et al., 
1998; Kolakowski et al., 2000). According to these findings, AlP can not be used 
as suitable marker for the efficiency of high pressure treatment of milk, 
especially for processes with a maximum pressure of ≤600 MPa. 
 
Acid phosphatase (AcP) is a phosphomonoesterase present in milk at a much 
lower level than AlP (Andrews, 1992; Fox and Kelly, 2006b). AcP is known as 
one of the most heat-stable indigenous milk enzymes and therefore has value 
as an indicator of more severe heat treatments than normal pasteurisation e.g. 
where enhanced destruction of Mycobacterium avium subsp. paratuberculosis 
is desired (Griffiths, 1986; Andrews et al., 1987; Balci et al., 2002). The AcP 
may participate in gelation of UHT milk and development of cheese flavour 
through the dephosphorylation of peptides (Balci et al., 2002; Fox and Kelly 
2006b). Unlike AlP, AcP is relatively sensitive to high pressure treatment. Balci 
et al. (2002) reported a considerable loss of AcP activity at ≥200 MPa. 
 
Lactoperoxidase (LPO) is another important enzyme in milk which catalyses the 
thiocyanate oxidation by hydrogen peroxide yielding anti-microbial substances 
such as hypothiocyanate (Varnam and Sutherland, 1994). López-Fandiño et al. 
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(1996) found that LPO in raw milk was highly resistant to pressures up to 400 
MPa. Pressurisation of milk at 700 MPa even combined with heat treatment up 
to 65oC was shown by Ludikhuyze et al. (2001) to have little or no effect on the 
inactivation of LPO. 
 
Plasmin is one of the main indigenous proteinases of milk which is formed from 
an inactive precursor, plasminogen. In fact, milk contains the complete plasmin 
system: plasmin, plasminogen, plasminogen activators (PAs) and inhibitors of 
PAs and plasmin (Fox and Kelly, 2006a). Plasmin contributes to primary 
proteolysis of casein in cheese, especially high-cooked varieties in which the 
coagulant is extensively denatured, resulting in the development of special 
cheese flavour and texture (Fox et al., 1996; Fox and Kelly, 2006a). Plasmin 
activity may also cause flavour and physical defects during milk storage 
(Agustina, 2004). Pressures between 100-400 MPa were found to have no 
effect on the proteolysis by plasmin in milk incubated post-pressurisation at 
37oC for 48 h (López-Fandiño et al., 1996). Scollard et al. (2000) found 
increased milk proteolysis by treatment at 300-500 MPa and decreased 
proteolysis at pressures above 500 MPa. Enhancement of proteolysis in milk 
treated at 300-500 MPa was attributed to the pressure-induced changes in the 
micellar structure increasing the availability of substrate bonds to plasmin 
(Scollard et al., 2000). High pressure treatment of milk at 400 MPa for 15 or 30 
min at 25oC did not inactivate plasmin, while treatment at higher temperatures 
increased inactivation (by 86.5% at 60oC) and improved organoleptic properties 
of milk (Garcia-Risco et al., 1998 and 2000). Borda et al. (2004a and 2004b) 
studied the combined effect of high pressure in the range of 300-800 MPa and 
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temperature in the range of 25-65oC on the inactivation of crude plasmin extract 
isolated from milk at pH 6.7. At all temperatures studied, they found a 
synergistic effect of temperature and high pressure within 300-600 MPa. An 
antagonistic effect of temperature and pressure followed by a stabilisation effect 
was observed at >600 MPa which could be attributed to the disruption of 
disulphide bonds in plasmin and plasminogen (Borda, 2004b).  Also Messens et 
al. (1999), using SDS-PAGE analysis of pH 4.6-insoluble nitrogen, found that 
plasmin activity in Gouda cheese made from pasteurised bovine milk was not 
affected by pressure treatment at 50-400 MPa for 20-100 min. 
 
Many of other indigenous milk enzymes, including xanthine oxidase (XO), 
phosphohexoseisomerase and lipase are shown to be resistant to pressures up 
to 400 MPa (Rademacher et al., 1998; Olsen et al., 2004; Pandey and 
Ramaswamy, 2004). 
 
 
2.1.5.4 Effects of HPP on microbial enzymes 
 
Inactivation or activation of bacterial enzymes by HPP has been reported by a 
number of authors. Differences in the process parameters (e.g. exposure time), 
media used for pressurisation, bacterial species/strains and enzyme assays in 
different studies make direct comparison of the results somewhat difficult. 
 
Malone et al. (2003) investigated the effects of high pressure treatment (100 to 
800 MPa, 25oC for 5 min) on L. lactis subsp. cremoris MG1363 cell envelop 
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proteinase (CEP), intracellular peptidases and lactic acid production by cell-free 
extracts in the presence of glucose. Their findings demonstrated that HPP could 
activate or inactivate lactococcal proteolytic and glycolytic enzymes or cause no 
effect on their activities depending on the pressure level and the type of enzyme 
(Table 2-1). Substantial reduction in acid production by cell-free extracts as a 
result of pressure treatment at 300-800 MPa was attributed to a loss in the 
activity of one or more enzymes in the glycolytic pathway. 
 
 
Table 2-1 Summary of changes in lactococcal cell-free extract enzyme activity 
due to high pressure exposure  
 
Pressure 
(MPa) 
Increased activity Unchanged activity Reduced activity Inactive 
 
100 
200 
300 
400-800 
Acid production, CEP 
Acid production 
 
PepC 
PepA, PepC, PepN, PepX 
CEP, PepA, PepC, PepN, PepX 
PepA, PepC, PepX 
PepA 
 
 
CEP, PepN 
 
 
Acid production 
Acid production, CEP, PepN, PepX 
CEP = cell envelop proteinase; PepA = aminopeptidase A; PepC = aminopeptidase C; PepN = aminopeptidase N; PepX 
= X-prolyl-dipeptidyl amino peptidase (From: Malone et al., 2003) 
 
 
 
Increased amino-peptidase and PepX activities and complete inhibition of acid 
producing ability have been reported for Lactobacillus helveticus resuspended 
in phosphate buffer after treatment at 400 MPa (30oC, 10 min) (Miyakawa et al., 
1994). Casal and Gomez (1999) showed that high pressure increased the 
hydrolytic activity of Lactobacillus casei and Lactococcus lactis on the carboxyl-
terminal fragment of β-casein (C-peptide) which contributes to cheese 
bitterness. The highest activities were found at 300 and 350 MPa (20 min, 
20oC) for lactococci and lactobacilli, respectively, suggesting that the pressure-
treated cells may be added during cheesemaking to give the cheese an extra 
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supply of enzymes with potential debittering properties. Treatment at 400 MPa 
partially decreased aminopeptidase, PepX and dipeptidase activities in L. casei, 
but not in L. lactis (Casal and Gomez, 1999). 
 
 
2.1.5.5 Effects of HPP on milk proteins 
 
High pressure can change the size of casein micelles in milk depending on the 
pressure level and temperature during pressurisation. Application of high 
pressures at temperatures up to 25oC to raw and reconstituted skim milks 
(RSM) has been shown to lead to partial (at 150-200 MPa) and complete 
disintegration (at ≥400 MPa) of casein micelles into smaller fragments 
(Desobry-Banon et al., 1994; Gaucheron et al., 1997; Needs et al., 2000a; 
Agustina et al., 2004; Sherkat et al., 2004). As a consequence, the turbidity of 
milk decreases thus giving milk a virtually transparent appearance particularly at 
pressures ≥400 MPa (Johnston et al., 1992; Shibauchi et al., 1992; Desobry-
Banon et al., 1994; Gaucheron et al., 1997; Needs et al., 2000a; Agustina et al., 
2004, Sherkat et al., 2004). In whole raw milk however, due to the presence of 
fat globules (that reflect light) the apparent translucency caused by high 
pressure treatment was very limited (Mussa and Ramaswamy, 1997). 
Pressurisation at ≥400 MPa and higher temperatures resulted in increase in the 
size of casein micelles (Garcia-Risco et al., 2000; Huppertz et al., 2004a) which 
could be attributed to the re-aggregation of micelle fragments or submicelles 
(Huppertz et al., 2004a). 
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The casein micelles in raw or pasteurised skim milk seem to be more sensitive 
to pressure than those in UHT-treated milk, resulting in a higher level of 
disintegration and a more pronounced decrease in milk opacity after 
pressurisation (Schrader et al., 1997; Schrader and Bucheim, 1998). It has 
been suggested that previously heat-denatured whey proteins may be firmly 
bound to the casein micelle surface in UHT milk, making a casein-whey protein 
complex and confer some protective effect to the micelles (Schrader et al., 
1997; Schrader and Bucheim, 1998). 
 
High pressure has been shown to denature whey proteins depending on the 
protein type, processing conditions and the applied pressure level. Similar to 
heat treatment, β-lactoglobulin (β-lg) seems to be more pressure sensitive than 
α-lactalbumin (α-la). Denaturation of β-lg in milk begins at pressures above 100 
MPa, reaching ~ 90% at 400 MPa and ambient temperature, beyond which, no 
further denaturation is observed (López-Fandiño et al., 1996; Gaucheron et al., 
1997; López-Fandiño and Olano, 1998b; Arias et al., 2000; Garcia-Risco, et al., 
2000; Scollard et al., 2000; Huppertz et al., 2004b and 2004c).  Huppertz et al. 
(2004b) also reported that the pressure-denatured β-lg in milk was mostly 
associated with the casein micelles, probably due to disulphide-sulphydryl 
interchange reactions (Huppertz et al., 2004c). Combination of pressure and 
heat treatment results in increased β-lg denaturation. Almost complete 
denaturation of β-lg has been reported by treatment at ≥300 MPa for 15 min at 
40-60oC (López-Fandiño et al., 1998; Garcia-Risco et al., 2000).  
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Unlike β-lg, α-la appears to be extremely resistant to pressure treatment up to 
500 MPa at ambient temperature, which has been attributed to a higher number 
of disulphide bonds (four compared to two in β-lg) (Gaucheron et al., 1997) and 
absence of free sulphydryl groups in α-la (López-Fandiño et al., 1996) giving it a 
more rigid molecular structure than β-lg. However, treatment at 400 MPa for 15 
min at 60oC brought about almost 60% denaturation of α-la (López-Fandiño et 
al., 1998; Garcia-Risco et al., 2000). 
 
The association of pressure-denatured β-lg with casein micelles results in 
enhanced retention of β-lg in the rennet curd thus increasing the water holding 
capacity of the curd leading to higher cheese yield (López-Fandiño et al., 1996; 
Drake et al., 1997; Pandey and Ramaswamy, 1998; Arias et al., 2000; Needs et 
al., 2000a; Huppertz et al., 2004e). Among other whey proteins in milk, bovine 
serum albumin (BSA) has been found to be fairly stable to pressure treatment at 
400 MPa due to 17 disulphide bonds in its molecule that stabilise its three-
dimensional structure (López-Fandiño et al., 1996; Messens et al., 1997). Felipe 
et al. (1997) reported that immunoglobulins were resistant to pressures up to 
300 MPa. 
 
 
2.1.5.6 Effects of HPP on rennet coagulation time of milk 
 
The rennet coagulation time (RCT) of milk can be influenced by high pressure 
treatment, depending on the pressure level, treatment, duration and 
temperature and milk pH. In an early study, Desobry-Banon et al. (1994) found 
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that the RCT of 12% RSM remained unchanged after treatment at <150 MPa 
(22 min, RT), whereas it decreased at higher pressures. The decrease in RCT 
was attributed to the disruption of casein micelles into smaller particles, giving 
them a higher specific surface area and an increased collision probability. A 
reduction of 20-26% in the RCT of raw bovine milk has been reported by 
Kolakowski, et al. (2000) by treatment at 200 MPa. 
 
López-Fandiño et al. (1996) showed that the RCT of raw bovine milk was 
shortened by pressure treatment up to 200 MPa, but increased as the pressure 
was raised from 200 to 400 MPa to reach values comparable to those of 
untreated milk. Their findings differ from the results reported by Needs et al. 
(2000a) who found a shorter RCT for skim milk by treatment from 200 to 400 
MPa and a longer RCT at pressures ≥400 MPa. This was consistent with the 
disruption of casein micelles which appeared to be complete at pressures ≥400 
MPa. The pressure-induced delay in RCT did not occur in milk containing 
sulphydryl-blocking agent N-ethylmaleimide (NEM), indicating the importance of 
association of denatured whey proteins (particularly β-lg) with casein micelles in 
pressure-induced changes in RCT (Needs et al., 2000a). 
 
Zobrist et al. (2005) found a significant reduction in the RCT of raw skimmed 
milk after treatment at 100 or 250 MPa (20oC, 30 min), whereas pressurisation 
at 400 or 600 MPa resulted in an RCT similar to, or ~15% greater than that of 
untreated milk, respectively. Subsequent storage at 20oC up to 48 h resulted in 
a significantly longer RCT of milks treated at 400 or 600 MPa than the untreated 
milk or those treated at 100 or 250 MPa. Increases in RCT after treatment at 
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400 or 600 MPa was not observed in milk containing KIO3 (a sulphydryl-
oxidising agent) or in serum protein-free (SPF) milk (Zobrist et al., 2005). Trujillo 
et al. (1999) reported a longer RCT in pasteurised (72oC, 15 s) goat’s milk 
treated at 500 MPa (20oC, 15 min) than in untreated milk. 
 
López-Fandiño et al. (1996) found that treatment of milk at 200 MPa for 10, 20, 
30 or 60 min reduced the RCT to a similar extent; at 400 MPa, a 10 min 
treatment reduced the RCT of milk while treatment for longer times 
progressively increased the RCT. 
 
Milk pressure treated at temperatures above ambient showed longer RCT than 
milk treated at ambient temperature, whereas treatment at temperatures below 
ambient reduced the RCT (López-Fandiño and Olano, 1998a; Pandey et al., 
2003b; Zobrist et al., 2005). 
 
Acidification of milk prior to pressurisation shortened the RCT, while alkalisation 
of milk up to pH 7.0 had the reverse effect (Arias, et al., 2000; Zobrist et al., 
2005). These effects could be attributed to the influence of pH on the pressure-
induced denaturation of whey proteins and association of denatured protein with 
casein micelles (Zobrist et al., 2005). 
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2.1.5.7 Accelerated ripening of cheese by HPP 
 
Many types of cheese need a period of time for ripening, the development of 
flavour and textural characteristics. The length of ripening time varies 
depending on the cheese variety and the grade and characteristics required, 
e.g. 4-18 months for cheddar cheese and 1-20 months for Gouda cheese. 
Proteolysis is considered as the most complex and the most important 
biochemical event in ripening, especially in cheddar cheese, although glycolysis 
and lipolysis also play important roles (Fox et al., 1996; McSweeney and Sousa, 
2000). The residual coagulant and plasmin activities in cheese cause primary 
proteolysis of caseins into polypeptides and peptides that are further degraded 
by enzymes produced by the LAB (Saldo et al., 2002). The possibility of using 
HPP to reduce ripening time of cheese has been investigated by a number of 
researchers. In one of the earliest studies, Yokoyama et al. (1992) claimed that 
the ripening time of cheddar cheese could be shortened by pressure treatment 
at 50 MPa for 3 days. This resulted in a cheddar cheese with a taste 
comparable to that of a matured commercial cheese. O’Reilly et al. (2000) 
similarly found an increase in the proteolysis of immature cheddar cheese and 
enhancement of cheese ripening but at a lower extent by HPP under the same 
conditions. 
 
High pressure processing may accelerate cheese ripening by releasing the 
intracellular peptidases from LAB via pressure-induced cell membrane lysis. 
Malone et al. (2002) reported promotion in the membrane lysis of Lactococcus 
lactis strains in cell suspensions after treatment at 100-800 MPa for 5 min. 
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Saldo et al., (2000) reported that goat’s milk cheese proteolysis was 
accelerated and as a result, its ripening time was shortened from the 
conventional 28 days to 14 days by treatment at 400 MPa (14oC, 5 min). This 
was attributed to the enhanced enzymatic activity from inoculated starter 
bacteria at an increased cheese pH caused by pressure. Sensory analysis 
demonstrated bitter notes, and less crumbly and more elastic texture in the 
accelerated ripened cheese. 
 
No pressure-induced acceleration in cheddar cheese ripening was found by 
Wick et al. (2004) who observed the free amino acid (FAA) content in 1-month 
or 4-month old cheeses treated at 500-800 MPa (25oC, 5 min) was significantly 
lower than the untreated controls and in cheeses treated at lower pressures at 
the same level as the control. 
 
Johnston and Darcy (2000) demonstrated that HPP of immature Mozzarella 
cheese at 200 MPa for 60 min significantly increased its meltability and resulted 
in cheeses similar to those matured at 4oC for 14 or 28 days. Scanning electron 
microscopy (SEM) of cheese samples showed that moisture redistribution was 
involved in these changes, while proteolysis, as determined by measuring the 
water-soluble nitrogen (WSN) content of cheese did not play a major part. 
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2.1.5.8 Rheology and microstructure of pressure-treated cheese 
 
Johnston et al. (2002a) showed that HPP of half-fat cheddar cheese can 
improve its textural attributes. Treatment of cheese at 200 MPa resulted in a 
texture performance similar to full-fat cheddar cheese. Capellas et al. (2001) 
subjected Mató, a fresh cheese made from goat’s milk, to high pressure at 500 
MPa for 5-30 min at 10 or 25oC and found only minor changes in water holding 
capacity, texture, colour and microstructure of pressure-treated cheeses, as 
compared with untreated cheeses. Pressurised cheeses lost more whey with a 
higher total nitrogen content than untreated ones. 
  
 
2.1.6 Other opportunities for HPP of dairy products 
 
Huppertz et al. (2004d) found enhanced growth of LAB in pressurised milk, 
resulting in faster acidification of milk. This may indicate a possible application 
of high pressure-treated milk in the manufacture of fermented dairy products 
including cheese and yoghurt. Improved textural and rheological properties of 
yoghurt made from milk treated with high pressure in conjunction with heat 
(85oC) have also been reported by Penna et al. (2006). 
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2.2 FRESH LACTIC CURD CHEESE VARIETIES 
 
Fresh lactic curd cheeses comprise those cheese varieties that are produced by 
the coagulation of milk via acidification or a combination of acid and heat 
treatments. These cheeses are usually unripened and ready for consumption 
once manufactured (Fox et al., 2000b). Acidification of milk is usually brought 
about by the addition of LAB as starter cultures to ferment lactose to lactic acid. 
Although the majority of lactose in milk is fermented during curd production or 
removed with the whey, the fresh cheese contains 0.7 to 1.5% lactose that can 
be further fermented by the starter or non-starter LAB during storage (Fox et al., 
1996). 
 
Fresh lactic curd cheese types are currently being manufactured by a number of 
cheesemakers in Australia. A number of these products may be flavoured by 
the addition of herbs and other condiments. 
 
 
2.2.1 Overview of manufacture 
 
The manufacture of fresh lactic curd cheese products is shown in Figure 2-4 
which generally involves: 
• Pre-treatment of standardised milk (pasteurisation, homogenisation and 
perhaps partial acidification) 
• Cooling milk to 22-30oC 
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• Slow quiescent acidification by adding ~1% of mesophilic starter culture 
and incubating at 21-23oC for 12-16 h (long set) or 30oC for 4-6 h (short 
set) 
• Acid gel formation (at pH 4.6) 
• Coagulum cutting and handling 
• Whey separation 
• In some cases further treatments of curd, such as pasteurisation, 
addition of salt, condiments and stabilisers, and optional homogenisation  
 
A small quantity of rennet (0.5-1.0 mL/100 L) may be added to milk in the 
production of some lactic curd cheeses such as Quarg and Cottage cheese and 
Fromage frais shortly after culturing (~1-2 h), at the pH of about 6.1-6.3 (Fox et 
al., 2000b; Kelly and O’Kennedy, 2001). Addition of 9.0 mg L-1 rennet during 
traditional manufacture of Quarg has been reported to increase curd firmness, 
improve whey separation and reduce curd fines (Sohal et al., 1988).  
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                                                 Standardised milk 
                                               
                                                 
                                                
                                               Pre-treatment 
                       -Pasteurisation 
                          -Homogenisation 
                                                             -Partial acidification 
              
          Cooling (~22-30oC)                     
 
                           Starter (~1%)       
 
                                                  Incubation 
                                                                                                             Rennet 
                                           (0.5-1.0 mL/100 L) 
 
            Acid gel formation 
                               (pH 4.6) 
 
 
 
                     Whey separation                          
                                                                                                                                                                 
                                                                                                              Products: 
              Whey                                     Curd              Cold-pack               Quarg 
                                                                                                      Fromage frais 
                                                                                                      Cottage cheese 
                                                       Pasteurisation 
                                   Salt, condiment and stabiliser addition 
                                                   Homogenisation 
                                                                                                                
                                                                                                                        Products: 
                                             Heat-treated curd                Hot-pack           Neufchatel 
  Cream cheese                                                                               
  Other fresh cheese, 
   cream or yoghurt or 
   condiments 
 
                                          Heat, blend, homogenise 
                                                                                                                 
                                                                                                                     Fresh cheese 
                                                              Hot blend                    Hot-pack               preparations                            
                                                     
 
 
Figure 2-4 Generalised production protocol for fresh lactic curd cheese 
products (Adapted from: Fox et al., 2000b). 
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2.2.2 Mechanism of acid gel formation 
 
Acidification of milk results in the coagulation of the casein component of milk 
protein system forming a gel that entraps the fat, if present, and the whey. An 
acid gel is generally formed when the forces that promote aggregation of casein 
micelles slowly overcome those that promote repulsion of the micelles (Fox et 
al., 2000b). Acid gel formation occurs close at the isoelectric point of casein (pH 
4.6) or at a higher pH level (e.g. 5.2) if the milk is heat treated (up to 90oC) prior 
to acidification (Fox et al., 2000b). Lactic acid production by starter cultures can 
continue until a very low pH (e.g. <4.0) is attained, the point at which the 
bacteria are inhibited by the strong acid of the milk environment. 
 
Acid gel formation involves two opposing sets of changes in the physico-
chemical properties of casein micelles. Firstly, disaggregation of casein micelles 
at pH 5.6-5.2 due to the solubilisation of colloidal calcium phosphate (CCP) and 
dissociation of individual casein molecules, especially β-casein, from the 
micelles being liberated into the milk serum phase; and secondly, aggregation 
of casein molecules at pH 4.6 (isoelectric point) as a result of the reduction in 
their negative surface charges due to the production of lactic acid that ionises to 
liberate H+  ions (Pyne and McGann, 1960; Roefs et al., 1985; Dalgleish and 
Law, 1988; Walstra, 1990; Lucey and Singh, 1998; Fox et al., 2000b). The 
extent of casein dissociation and liberation at the first stage is dependant on the 
pH and temperature. Dalgleish and Law (1988) found that at 30oC, a decrease 
in pH caused no liberation, while at 4oC about 40% of the casein molecules 
were liberated in the serum at pH ~5.5.    
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Slow acidification of milk that can promote limited aggregation of casein 
micelles, results in a fine-structured milk gel, whereas fast acidification rate 
leads to the formation of coarse-structured gel with a relatively low water 
holding capacity due to a higher degree of casein aggregation (Fox et al., 
2000b). The biological acidification by starter cultures may be replaced by direct 
acidification using a food acid such as lactic acid or an acidogen such as 
glucono-δ-lactone (GDL) that can be hydrolysed to gluconic acid and reduce the 
pH (Lucey and Singh, 1998). 
 
 
2.2.3 Technological challenges associated with fresh lactic curd cheese 
products 
 
Fresh lactic curd cheeses except heat-treated varieties (e.g. Neufchatel and 
cream cheese) usually have low refrigerated shelf-life of approximately 2-4 
weeks, mostly due to the growth of spoilage yeasts and moulds. Manufacturers 
are also concerned about sustained acidification during storage that adversely 
affects the sensory attributes of the product. Furthermore, the potential export 
market for such products is hampered by relatively short shelf-life. Producers of 
specialty fresh lactic curd cheeses in Australia are interested in extending the 
shelf-life of their products without having to use preservatives, and maintaining 
the desirable sensory attributes of the product to take advantage of export 
opportunities. On this basis, the present study was undertaken to evaluate 
alternative methods of shelf-life extension for these products.   
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CHAPTER 31 
EFFECTS OF HIGH PRESSURE TREATMENT ON STARTER  
BACTERIA AND SPOILAGE YEASTS AND MOULDS IN FRESH  
LACTIC CURD CHEESE MADE FROM BOVINE MILK 
 
 
 
3.1 INTRODUCTION 
 
High pressure processing (HPP) can increase the safety and extend the shelf-
life of various food products with minimal damage to their sensory and 
nutritional attributes at pressure levels commonly used in the food processing 
(≤600 MPa) (Patterson, 2005). The efficiency of HPP alone or combined with 
mild heat or antimicrobial compounds for the inactivation of micro-organisms in 
dairy products has been shown by several researchers (See 2.2.4.6). 
 
Substantial reductions of pathogens by HPP in different types of cheese have 
been reported, including a 7 log reduction of inoculated Escherichia coli 405 
CECT (an index of direct or indirect contamination of faecal origin) in fresh 
goat’s milk cheese subjected to high pressure (400 to 500 MPa, 5-15 min) at 
refrigeration or room temperature (RT) (Capellas et al., 1996). Reduction of 
inoculated Listeria monocytogenes in three different ripened hard cheese 
                                                 
1
 A paper is published on the findings of this chapter in the journal of Innovative Food Science 
and Emerging Technologies 9, 2008; pp. 201–205. 
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varieties (Gouda, Edamski and Podlaski) by 5-6  logs with a treatment of 500 
MPa (15 min, RT) has also been reported (Szczawinski et al., 1997). 
 
Fresh lactic curd cheese manufactured from pasteurised full cream bovine milk 
via fermentation by lactic acid bacteria (LAB) is produced by a number of 
cheesemakers in Australia. This product like many other types of fresh cheeses 
has relatively limited refrigerated shelf-life of ca. 3 weeks due to the outgrowth 
of some spoilage micro-organisms including yeasts and moulds under 
conditions of high acid and moisture content. Continued acidification by starter 
bacteria during storage may also adversely affect product acceptability. The aim 
of this study was to evaluate the effects of HPP on the outgrowth of spoilage 
yeasts and moulds and on the post-processing acidification in fresh lactic curd 
cheese during storage. 
 
 
3.2 MATERIALS AND METHODS 
3.2.1 Fresh lactic curd cheese 
 
Fresh lactic curd cheese was supplied by a Victorian specialty cheese 
manufacturer under refrigerated condition (4oC), in vacuum-packaged plastic 
pouches of ca. 100 g each, with dimensions of approximately 10 x 10 cm for the 
purposes of HPP trials. It was a white spreadable cheese produced from 
pasteurised full cream bovine milk using a commercial Lactococcus starter 
preparation. After the overnight coagulation, the curd was cut and drained in 
cheese cloths, other ingredients including herbs and other flavourings including 
1% (w/w) salt were added and thoroughly mixed in. The product was then 
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packed and refrigerated before distribution. The final product had a pH of 4.3 
and contained ca. 57% (w/w) water and 10% (w/w) fat. 
 
 
3.2.2 High pressure treatment 
 
The delivered cheese samples were stored at 4oC overnight before 
pressurisation at 300 and 600 MPa. Triplicate samples of refrigerated vacuum-
packaged cheeses were treated at pressure range of 200-600 MPa for 5 min in 
a 35 L high pressure system (Avure Technologies Incorporated, Kent, WA, 
USA). Chilled water (4-5oC) was used as the pressure transmission fluid to 
maintain the final temperature at ≤22oC during pressurisation. 
 
Two pressurisation trials were conducted on two different batches of fresh lactic 
curd cheese and findings of each trial are reported separately. In the first trial, 
the effects of HPP at 200, 400 and 600 MPa (≤22oC, 5 min) on Lactococcus 
and yeast and mould counts, titratable acidity and pH of the product were 
evaluated. This preliminary trial revealed that the effective control of spoilage 
yeasts and moulds outgrowth was achievable at 400 and 600 MPa but not at 
200 MPa. Therefore, in the second trial attempts were made to identify the 
minimum pressure at which yeasts and moulds elimination became evident, as 
well as to study the effects (if any) of pressure treatment on the viable count of 
bacterial spores. 
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3.2.3 Storage of pressurised cheeses 
 
Pressure-treated and untreated control samples were stored at 4oC for 8 weeks. 
Microbiological evaluations and chemical analyses were performed at the 
beginning of post-pressurisation storage and at time intervals of 1, 2, 3, 4, 6, 
and 8 weeks. 
 
 
3.2.4 Microbiological analyses 
 
Starter bacteria, spoilage yeasts and moulds and bacterial spores were 
enumerated in the pressure-treated and untreated cheeses in duplicate using 
the spread plate method (0.1 mL). Representative 10 g cheese samples, taken 
from each of the triplicate cheese packs, were homogenised in 90 mL sterile 
0.1% (w/v) solution of bacteriological peptone (Oxoid LP0037, Basingstoke, UK) 
in a stomacher blender (Seward Ltd, Worthing, UK) for 2 min and serial dilutions 
were prepared in 0.1% (w/v) sterile peptone solution. 
 
 
3.2.4.1 Enumeration of starter bacteria 
 
Lactococci were enumerated on M17 agar (Oxoid CM0785, Basingstoke, UK) 
containing 0.5% (w/v) bacteriological lactose (Oxoid LP0070) incubated under 
both aerobic and anaerobic (Oxoid AnaeorGen AN0025A, Basingstoke, UK) 
conditions at 30oC for 48 h (Terzaghi and Sandine, 1975). Ten colonies were 
 53 
selected from individual sample plates and confirmed for Gram-positive (G+) 
cocci and catalase-negative reactions to differentiate yeasts or other microflora 
and then total lactococci count of each sample was determined on this basis. 
Untreated samples (time 0) plated on M17 agar were also incubated at 45oC 
under both aerobic and anaerobic conditions to verify the absence of 
Streptococcus thermophilus (ST) in the commercial starter preparation used for 
this product. 
 
 
3.2.4.2 Enumeration of spoilage yeasts and moulds 
 
Spoilage yeasts and moulds were enumerated on Dichloran Rose-Bengal 
Chloramphenicol (DRBC) agar (Oxoid CM0727, Basingstoke, UK) incubated 
aerobically at 25oC for 5 days (Australian Standard 1766.2.2, 1997). 
 
 
3.2.4.3 Enumeration of bacterial spores 
 
Bacterial spore counts in cheese were enumerated at the beginning of storage 
and at time intervals of 1, 4, 6, and 8 weeks according to the method of Scurrah 
et al. (2006) on Starch Nutrient Agar (SNA), comprising 1 g L-1 soluble starch, 
10 g L-1 bacteriological peptone (Oxoid LP0037, Basingstoke, UK),  5 g L-1  
yeast extract (Oxoid LP0021, Basingstoke, UK) and 20 g L-1 bacteriological agar 
(Agar No.1, Oxoid LP0011, Basingstoke, UK).  To eliminate the vegetative cells 
present in the product and to reactivate the spores, diluted (1:10) samples were 
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heated at 80oC for 10 min and then chilled in an ice bath. Plates were incubated 
aerobically at 37oC for 48 h. 
 
 
3.2.5 Chemical analyses 
 
Titratable acidity (TA) and pH of pressure-treated and untreated cheese 
samples were measured in duplicate throughout the storage according to the 
Australian Standards (2300.2.10, 1988; 2300.1.6, 1989). Twenty grams of 
cheese sample was extracted in enough warm Milli-Q water (40oC) by shaking 
in a stoppered glass measuring cylinder and the volume was adjusted to 210 
mL. The dilution was then filtered through Whatman #1 filter paper and 25 mL 
aliquots of the filtrate were titrated with 100 mM NaOH in the presence of 
phenolphthalein. The TA was expressed as % lactic acid equivalents 
considering that 1 mL of 100 mM NaOH neutralises 0.0090 g lactic acid.  
 
The pH of cheese samples was determined using a PHM210 Standard pH 
Meter (Radiometer Analytical SAS, Villeurbanne Cedex, France) calibrated daily 
with standard buffers at pH 4.00 and 7.00. To measure the pH, the glass 
electrode (pHC2001-8, Combine pH Electrode) of pH meter was inserted 
directly into the cheese. 
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3.2.6 Statistical analysis of data 
 
Statistical analysis was performed by applying one-way analysis of variance 
(ANOVA) and multiple comparisons of means of each treatment (pressure 
condition and storage time) using the Least Significant Difference (LSD) test at 
the confidence level of 99%. Analysis of data was carried out with Genstat 
software (Version 9, Rothamsted Experimental Station, Harpenden, UK) and 
the difference between mean values greater than the LSD (0.99) was determined 
as significant. 
 
 
3.3 RESULTS 
3.3.1 First HPP trial 
 
The preliminary high pressure treatment of cheese packs at 200, 400 and 600 
MPa reduced the initial 8.34 log CFU g-1 viable count of lactococci by 0.56, 3.00 
and 5.38 logs, respectively under aerobic incubation condition (Table 3-1). The 
variations of TA and pH in untreated and pressure-treated cheeses during 
refrigerated storage are given in Table 3-1. The outgrowth of yeasts and moulds 
occurred in stored untreated cheeses and those treated at 200 MPa where 
initial viable counts of 2.42 (untreated) and 2.18 (200 MPa) log CFU g-1 
increased by >2 logs within 2 weeks. Pressure treatment at ≥400 MPa inhibited 
the outgrowth of yeasts and moulds for the entire 8-week storage period (Table 
3-1). 
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Table 3-1 Viable counts of lactococci and spoilage yeasts and moulds and 
changes in TA and pH of untreated and pressure-treated lactic curd cheeses 
during storage for 8 weeks at 4oC. 
 
Storage time 
(Weeks) 
 
Pressure level 
(MPa) 
Lactococci count a 
(Log CFU g-1) 
Yeast and mould count b 
(Log CFU g-1) 
TA c 
(% Lactic acid eqv.) 
pH d 
 
0 
 
 
 
 
1 
 
 
 
 
2 
 
 
 
 
3 
 
 
 
 
4 
 
 
 
 
6 
 
 
 
 
8 
 
0 
200 
400 
600 
 
0 
200 
400 
600 
 
0 
200 
400 
600 
 
0 
200 
400 
600 
 
0 
200 
400 
600 
 
0 
200 
400 
600 
 
0 
200 
400 
600 
8.34 ± 0.21 
7.78 ± 0.13 
5.34 ± 0.28 
2.96 ± 0.28 
 
6.35 ± 0.14 
4.94 ± 0.21 
3.32 ± 0.25 
2.35 ± 0.04 
 
5.27 ± 0.18 
4.74 ± 0.21 
2.51 ± 0.26 
2.33 ± 0.05 
 
3.29 ± 0.09 
2.48 ± 0.16 
2.00 ± 0.00 
2.00 ± 0.00 
 
3.00 ± 0.00 
2.00 ± 0.00 
2.00 ± 0.00 
2.00 ± 0.00 
 
3.00 ± 0.01 
2.00 ± 0.00 
2.00 ± 0.00 
2.00 ± 0.00 
 
2.00 ± 0.00 
2.00 ± 0.00 
2.00 ± 0.00 
2.00 ± 0.00 
2.42 ± 0.20 
2.18 ± 0.00 
2.00 ± 0.00 
2.00 ± 0.00 
 
3.09 ± 0.26 
3.12 ± 0.06 
2.00 ± 0.00 
2.00 ± 0.00 
 
4.81 ± 0.07 
4.29 ± 0.26 
2.00 ± 0.00 
2.00 ± 0.00 
 
5.46 ± 0.17 
5.65 ± 0.19 
2.00 ± 0.00 
2.00 ± 0.00 
 
5.91 ± 0.09 
5.81 ± 0.24 
2.00 ± 0.00 
2.00 ± 0.00 
 
5.99 ± 0.17 
6.12 ± 0.27 
2.00 ± 0.00 
2.00 ± 0.00 
 
6.06 ± 0.09 
6.01 ± 0.19 
2.00 ± 0.00 
2.06 ± 0.09 
0.98 ± 0.03 
0.95 ± 0.01 
1.03 ± 0.02 
0.98 ± 0.04 
 
1.30 ± 0.02 
1.20 ± 0.04 
1.19 ± 0.01 
1.17 ± 0.01 
 
1.55 ± 0.03 
1.51 ± 0.01 
1.49 ± 0.02 
1.51 ± 0.01 
 
1.62 ± 0.03 
1.57 ± 0.02 
1.55 ± 0.01 
1.53 ± 0.01 
 
1.62 ± 0.00 
1.58 ± 0.01 
1.56 ± 0.02 
1.55 ± 0.00 
 
1.67 ± 0.01 
1.66 ± 0.00 
1.62 ± 0.02 
1.60 ± 0.01 
 
1.69 ± 0.01 
1.67 ± 0.00 
1.62 ± 0.03 
1.62 ± 0.02 
4.34 ± 0.01 
4.35 ± 0.02 
4.34 ± 0.02 
4.35 ± 0.02 
 
4.31 ± 0.01 
4.32 ± 0.01 
4.33 ± 0.01 
4.33 ± 0.01 
 
4.30 ± 0.01 
4.31 ± 0.01 
4.31 ± 0.01 
4.32 ± 0.01 
 
4.28 ± 0.01 
4.29 ± 0.01 
4.30 ± 0.01 
4.31 ± 0.01 
 
4.28 ± 0.02 
4.28 ± 0.01 
4.29 ± 0.01 
4.30 ± 0.01 
 
4.26 ± 0.01 
4.27 ± 0.00 
4.28 ± 0.01 
4.28 ± 0.00 
 
4.26 ± 0.00 
4.26 ± 0.01 
4.28 ± 0.01 
4.27 ± 0.00 
a Values represent the means of viable counts of lactococci (Detection limit: Log 2 CFU g-1) under aerobic 
incubation condition in three cheese samples ± standard deviations (LSD (0.99) = 0.20). 
b Values represent the means of viable counts of yeasts and moulds (Detection limit: Log 2 CFU g-1) in 
three cheese samples ± standard deviations (LSD (0.99) = 0.19).  
c
 Values represent the means of titratable acidity of three cheese samples ± standard deviations (LSD (0.99) 
= 0.06). 
d
 Values represent the means of pH values of three cheese samples ± standard deviations (LSD (0.99) = 
0.02). 
 
 
3.3.2 Second HPP trial 
 
Treatment of cheese packs at 200 MPa in the second trial resulted in reductions 
in the viable count of lactococci that depending on the growth conditions was 
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estimated ca. 2 logs under aerobic incubation condition and 3 logs under 
anaerobic condition (Figure 3-1). Reductions of ca. 5, 6, and 7 logs were 
achieved under both aerobic and anaerobic conditions by treatment at 300, 400 
and 600 MPa, respectively. The lactococci count in all pressure-treated and 
untreated samples steadily decreased throughout storage, but the decline was 
faster in pressure-treated samples. The viable count of lactococci in samples 
treated at 600 MPa enumerated under aerobic or anaerobic condition was 
below the detection limit (log 2 CFU g-1) immediately after treatment (Figure 3-
1). In samples treated at 400, 300, and 200 MPa, the number of lactococci 
under aerobic condition dropped below the detection limit after 1, 2, and 4 
weeks of storage, respectively. Unlike the aerobic condition, the viable counts 
under anaerobic condition remained above the detection limit up to 4 weeks in 
samples treated at 300 and 400 MPa and 8 weeks in those treated at 200 MPa. 
Untreated samples showed viable counts up to week 6 in aerobic and up to 
week 8 in anaerobic condition.  
 
The initial TA and pH of fresh lactic curd cheese used in the second trial were 
0.96% and 4.33. The TA in all samples increased during the first 3 weeks of 
storage but remained constant between 3-8 weeks (Figure 3-2a). The highest 
TA (1.60%) was measured in untreated cheeses after 3 weeks of storage with a 
pH of 4.26. However, no statistically significant differences (p>0.01) were 
observed in the TA or pH levels between the pressure-treated and untreated 
cheeses (Figures 3-2a and 3-2b). 
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Figure 3-1 Residual viable count of lactococci under aerobic (a) and anaerobic 
(b) incubation conditions in lactic curd cheese, untreated (      ) or pressure-
treated at 200 (       ), 300 (      ), 400 (      ) and 600 MPa (      ) during storage 
for 8 weeks at 4oC.  Bar graphs represent the mean of viable counts of three 
cheese samples (Detection limit: Log 2 CFU g-1). 
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Figure 3-2 Changes in titratable acidity (a) and pH (b) of lactic curd cheese, 
untreated (      ) or pressure-treated at 200 (      ), 300 (      ), 400 (      ) and 600 
MPa (      ) during storage for 8 weeks at 4oC. Bar graphs represent the mean of 
titratable acidity and pH values of three cheese samples. 
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The outgrowth of yeasts and moulds was detected after 2 weeks of storage in 
untreated cheeses and those treated at 200 MPa. The yeast and mould count in 
these samples exceeded 106 CFU g-1 by the end of the storage period (Figure 
3-3). Yeasts were more predominant than moulds and only a few mould 
colonies were found in this product. In cheeses treated at ≥300 MPa, yeast 
growth was detected after 6 weeks that became more noticeable by week 8 in 
samples treated at 300 and 400 MPa (Figure 3-3). In samples treated at 600 
MPa it was detected just above the threshold of detection limit (log 2 CFU g-1) at 
week 6. 
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Figure 3-3 Outgrowth of spoilage yeasts and moulds in lactic curd cheese, 
untreated (      ) or pressure-treated at 200 (      ), 300 (      ), 400 (      ) and 600 
MPa (      ) during storage for 8 weeks at 4oC. Bar graphs represent the mean of 
viable counts of three cheese samples (Detection limit: Log 2 CFU g-1).  
 
 
Bacterial spores were detected in both untreated and pressure-treated cheese 
samples within the first 4 weeks at very low levels (≤700 CFU g-1) and were not 
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found above the detection limit (log 2 CFU g-1) at weeks 4, 6 and 8 of storage 
(Figure 3-4).  
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Figure 3-4 Residual viable count of bacterial spores in lactic curd cheese,      
untreated (      ) or pressure-treated at 200 (      ), 300 (      ), 400 (      ) and 600 
MPa (      ) during storage for 8 weeks at 4oC. Bar graphs represent the mean of 
viable counts of three cheese samples (Detection limit: Log 2 CFU g-1). 
 
 
3.4 DISCUSSION 
 
Treatment of fresh lactic curd cheese at ≥300 MPa significantly reduced the 
viable count of lactococci present in this acidic product. Anaerobic growth 
condition of lactococci not only provided a selective condition to prevent the 
growth of yeasts and moulds, but also a somewhat more optimal recovery 
environment for potentially pressure-injured cells, possibly reducing exposure of 
injured cells to oxidative stresses that might be experienced under aerobic 
growth condition. However, only a marginally better recovery of pressure-
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treated cells was observed (not statistically significant) under anaerobic 
compared with aerobic condition (Figure 3-1). 
 
Despite reductions of 5-9 logs in the number of lactococci in samples treated at 
300-600 MPa, a low level of post-processing acidification was observed in both 
pressure-treated and untreated samples during refrigerated storage. This is 
thought to be due to the continued activity of glycolytic enzymes in non-
culturable pressure-injured cells, or those released into the curd as a result of 
pressure-induced lysis of bacterial cells. Tanaka and Hatanaka (1992) 
demonstrated the efficiency of HPP at 200-300 MPa (20oC, 10 min) for 
controlling post-processing acidification in full-fat yoghurt while maintaining the 
initial number of viable LAB (streptococci and lactobacilli) in the product and 
suggested that the bacteria may have been sufficiently injured by pressure to 
prevent replication in the low pH environment. By treatment at ≥300 MPa, the 
post-processing acidification was prevented and the number of viable LAB 
decreased as the pressure level increased.  Significant reduction in the viable 
counts of yoghurt cultures, Streptococcus thermophilus and Lactobacillus 
delbrueckii subsp. bulgaricus, and prevention of post-processing acidification in 
stirred low-fat yoghurt during refrigerated storage by pressure treatment at >200 
MPa (20oC, 15 min) have been reported by de Ancos et al. (2000). They found 
that Lb. delbrueckii subsp. bulgaricus was more sensitive to pressure than S. 
thermophilus as the viable numbers of Lb. delbrueckii subsp. bulgaricus 
significantly decreased by 1.9 and 4.0 logs at 300 and 400 MPa, respectively, 
whereas the reductions in counts of S. thermophilus were only 0.6 and 1.8 logs 
under those conditions.  
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Yeast and mould spoilage is recognised as a common problem in fermented 
dairy products including fresh cheeses that can limit the refrigerated shelf-life. 
This shelf-life would be further reduced if temperature control throughout 
distribution was not optimal. In the fresh lactic curd cheese in our study, yeasts 
were found to be the predominant spoilage micro-organism. Yeast and mould 
contamination could be derived from either the ingredients used in the 
manufacture of this product including herbs and flavouring or the environment in 
which the cheese was made (Rosaria Corbo et al., 2001). A minimum pressure 
of 300 MPa was required to substantially inhibit the outgrowth of yeasts during 
storage. 
 
Yeasts are relatively sensitive to high pressure treatment and can be inactivated 
at 300-400 MPa (Shigehisa et al., 1991; Smelt, 1998; Mañas and Pagán, 2005; 
Patterson, 2005). This is attributed to the effect of pressure on cell membrane 
permeabilisation and alteration of mitochondria and cytoplasm in these single-
celled fungi (Shimada et al., 1993; Perrier-Cornet et al., 1999). Complete 
prevention of yeast and mould growth during ripening has been reported for 
Swiss cheese slurries treated at 345 or 550 MPa for 10 or 30 min at 25oC (Jin 
and Harper, 2003). 
 
Pressure treatment of fresh lactic curd cheese at 200-600 MPa and ≤22oC was 
not capable of eliminating bacterial spores. Spores are known to be particularly 
resistant to high pressure and need severe treatments (≥600 MPa) at high 
temperatures (60-70oC) to be inactivated (Smelt, 1998; Farkas and Hoover, 
2000; McClements et al., 2001). Inactivation of spores by high pressure 
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requires an initial treatment to germinate spores followed by a second treatment 
to inactivate the germinated spores (Sale et al., 1970; Heinz and Knorr, 2001). 
Treatment of fresh goat’s milk cheese at 60 MPa for 210 min at 40oC to activate 
(germinate) Bacillus subtilis spores, followed by a second treatment at 500 MPa 
for 15 min at 40oC to inactivate the germinated cells caused a lethality of 4.9 
logs (Capellas et al., 2000). A 7 log inactivation of Bacillus cereus LMG 6910 
spores in milk by treatment at 600 MPa for 30 min at 60oC has been reported by 
Van Opstal et al. (2004), while only a 0.45 log inactivation of B. cereus NCFB 
1031 spores was achieved in UHT milk treated at 400 MPa for 25 min at 30oC 
by McClements et al. (2001). 
 
 
3.5 CONCLUSION 
 
The current study shows the effectiveness of HPP between 300-600 MPa for 
controlling the outgrowth of spoilage yeasts and moulds in fresh lactic curd 
cheese (at pH 4.33 and 0.96% TA) and extending the product’s refrigerated 
shelf-life from 3 weeks up to 6-8 weeks without the need for preservatives. 
However, HPP conducted under our experimental conditions had no effect on 
reducing or preventing lactic acid production by starter cultures (viable or non-
viable) in the product evaluated, and was unable to control continued lactic acid 
production within the first 3 weeks of storage. There would be potential interest 
in the preservation of raw milk curd cheeses using HPP technology. However, 
further investigations are required to evaluate the combined effect of pH and 
pressure treatment on the naturally occurring microflora and acidification that 
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occurs in raw milk cheeses made at a higher initial pH level.  It is also possible 
that different commercially available starter culture preparations show 
somewhat different degrees of inactivation to those observed in the current 
investigation, necessitating a wider evaluation of the sensitivity of different 
component starter strains to high pressure treatment. 
 
The next stage of this study is to evaluate the effects of high pressure treatment 
at 300 and 600 MPa on the quality attributes of this product.  
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CHAPTER 42 
EFFECTS OF HIGH PRESSURE TREATMENT ON QUALITY  
ATTRIBUTES OF FRESH LACTIC CURD CHEESE MADE FROM  
BOVINE MILK 
 
 
 
4.1 INTRODUCTION 
 
In the previous chapter it was demonstrated that high pressure processing 
(HPP) at ≥300 MPa was capable of preventing spoilage yeasts and moulds 
outgrowth. This is a promising finding for producing safe, minimally processed 
and preservative-free foods with an extended shelf-life. However, preservation 
of the product’s quality attributes including textural and sensory characteristics 
during high pressure processing should also be taken into consideration as an 
important factor for the validation of this preservation method.  
 
The main objective of this part of the study was to investigate the effects of   
HPP on the quality attributes of a new batch of fresh lactic curd cheese. Based 
on the findings of the previous chapter, two pressure levels were selected for 
this study, 300 and 600 MPa, and the effect on the product’s textural attributes 
and sensory properties were evaluated. Since proteolysis has a direct bearing 
on cheese texture and flavour, despite the short shelf-life of the fresh lactic curd 
                                                 
2
 A paper is published on the findings of this chapter in the Australian Journal of Dairy 
Technology 61: 2, 2006; pp. 186–188 
 67 
cheese, this biological process was also investigated. Furthermore, to confirm 
the antimicrobial effects of HPP observed in previous chapter, the yeast and 
mould count was also determined in the samples used for sensory evaluation. 
 
 
4.2 MATERIALS AND METHODS 
4.2.1 Fresh lactic curd cheese, pressure treatment and storage 
 
Fresh lactic curd cheese used in this study was similar to that used in the 
previous study (3.2.1), but from a different batch. Upon delivery, the cheese 
samples were stored at 4oC overnight before pressurisation at 300 and 600 
MPa (3.2.2). Pressure-treated and untreated samples were subsequently stored 
at 4oC for 8 weeks and analysed on day 1 and weeks 3, 5 and 8. 
 
 
4.2.2 pH and proteolysis measurements 
 
The pH of all cheese samples was measured as described in 3.2.5. To assess 
the proteolysis, the level of 12% (w/v) trichloroacetic acid (TCA)-soluble 
peptides was determined in triplicate pressure-treated and untreated cheese 
samples. To obtain the 12% (w/v) TCA-soluble extract, water-soluble extracts of 
cheese samples were first prepared by the method of Kuchroo and Fox (1982). 
Representative 20 g cheese samples were weighed into stomacher bags and 
40 mL Milli-Q water was added to each sample. Samples were then 
homogenised in a stomacher blender (3.2.4) for 10 min at room temperature 
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(RT), warmed to 40oC in a water bath and held for 1 h, then centrifuged at 3,000 
x g  for 30 min at 4oC (J6-HC Beckman centrifuge). The top layer of fat was 
removed and the supernatant was filtered through Whatman #42 filter paper to 
obtain water-soluble extract. A 5 mL aliquot of each extract was mixed with 5 
mL of 24% (w/v) TCA and the mixture was held at 4oC overnight. The mixture 
was then filtered through Whatman #42 filter paper to obtain 12% (w/v) TCA-
soluble extract. 
 
A colourimetric assay (Church et al., 1983) was used to determine the level of 
12% (w/v) TCA-soluble peptides in cheese samples using o-phthaldialdehyde 
(OPA) reagent. This reagent comprised 100 mL of 0.1 M sodium tetraborate, 10 
mL of 20% (w/w) sodium dodecyl sulphate (SDS), 160 mg of OPA dissolved in 
4 mL of methanol and 0.1 g of dithiothreitol (DTT), made to a final volume of 
200 mL with Millli-Q water. The assay method used in this study utilised the 
yellow complex formed as a result of reaction of α-amino groups with OPA and 
DTT absorbing strongly at 340 ηm. The number of α-amino groups increases 
during the hydrolytic reaction due to cleavage of peptide bonds. A 200 µg mL-1 
solution of L-Leucine (MW 131.17) was used as the protein standard. The 12% 
(w/v) TCA-soluble peptides contents of the extracts were determined 
colourimetrically and calculated by reference to the L-Leucine standard curve 
(Appendix 1a). The assay was performed by adding 2 mL of OPA reagent to 
aliquots (5-200 µL) of the blank (12% w/v TCA), standard solution (200 µg mL-1 
L-Leucine) or 12% (w/v) TCA-soluble extracts in a 3 mL quartz cuvette and 
measuring the absorbance (SpectraMax Plus384 Spectrophotometer, Molecular 
Devices Corporation, Sunnyvale, CA, USA) at 340 ηm after exactly 2 min at 
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23°C. Each 12% (w/v) TCA-soluble extract was assayed in duplicate and the 
final 12% (w/v) TCA-soluble peptides content of triplicate samples are reported 
as the mean of six determinations. 
 
 
4.2.3 Texture analysis 
 
The firmness and adhesiveness (stickiness) of pressure-treated and untreated 
cheese samples tempered to 23°C were determined by duplicate analyses of 
the triplicate samples by a TA-XT2 Texture Analyser (Stable Micro System, 
London, UK). A conical probe (60o) and the ‘Force in Compression’ mode were 
used as recommended by Hinrichs et al. (2004). Cheese samples were packed 
uniformly into rigid polystyrene cylindrical containers (5 cm high x 4 cm 
diameter) (Techno-Plas Pty Ltd, St. Marys, SA, Australia) avoiding any air 
pockets. The probe was lowered into the sample at a speed of 1 mm s-1 to a 
depth of 10 mm and withdrawn at the same speed (Figure 4-1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1 Texture analysis of lactic curd cheese by TA-XT2 Texture Analyser using a 
60° conical probe  
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The maximum penetration force and the negative force during probe withdrawal 
in Newtons (N) were reported as the sample’s firmness and adhesiveness, 
respectively. 
 
 
4.2.4 Sensory evaluation 
 
For each storage time, three bags of untreated or pressure-treated lactic curd 
cheese were aseptically mixed and tempered to RT in preparation for sensory 
trials. An untrained sensory panel (n=12) scored untreated and pressure-treated 
cheese samples for spreadability, grittiness, moistness, stickiness, creaminess, 
sourness, bitterness and overall acceptability on a 10-point hedonic scale 
(Appendix 2) in a ranking test (Australian Standard 2542.2.6, 1995). Three 20 g 
cheese samples (two pressure-treated at 300 and 600 MPa and one untreated)  
coded A, B and C were presented in plastic serving cups to each panelist to 
rank them according to the intensity of specified attributes. Panelists were 
asked to rinse their mouth with supplied fresh water, eat crackers and wait for at 
least one minute between samples. Assessments were carried out in individual 
boots in the sensory panel room of Food Science Australia, Werribee, VIC. 
 
Upon opening the cheese packs for sensory trials, representative composite 
samples, comprising three portions of 7 g of the untreated or pressure-treated 
cheeses were taken aseptically in a sterile stomacher bag and held at 4°C for 
microbiological analyses on the same day. Composite cheese samples were 
mixed in the bag to homogenise and samples were taken for the determination 
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of the viable count of yeasts and moulds as described in 3.2.4. Absence (<10 
CFU g-1) of coliforms was confirmed by microbiological testing in the cheese 
batch prior to commencing sensory analysis. The pH of the cheeses was also 
confirmed as pH ≤4.4 sufficient to prevent outgrowth of Listeria monocytogenes, 
if present below undetectable levels in the cheese commercially manufactured 
under food safety plans required of food businesses under State government 
regulation.  Prior to each sensory analysis samples were also examined for the 
visual absence of any mould growth.     
 
 
4.2.5 Statistical analysis of data 
 
Statistical analysis of data was performed by applying one-way ANOVA in 
randomised blocks to the sensory data and one-way ANOVA without blocking to 
other experimental data; and multiple comparisons of means of each treatment 
(pressure condition and storage time) was performed as described in 3.2.6. 
 
 
4.3 RESULTS 
 
The fresh lactic curd cheese used for this trial had an initial acidic pH of 4.40, 
which decreased marginally in all samples during storage (Table 4-1). However, 
no significant differences (p>0.01) were observed in pH values between the 
pressure-treated and the untreated cheeses. 
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Table 4-1 pH values of untreated and pressure-treated lactic curd cheeses 
during storage for 8 weeks at 4oC. 
  
Storage time  
(Weeks) 
Pressure level 
(MPa) 
pH value* 
0 
 
 
 
3 
 
 
 
5 
 
 
 
8 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
4.40 ± 0.01 
4.41 ± 0.01 
4.43 ± 0.00 
 
4.36 ± 0.00 
4.36 ± 0.01 
4.37 ± 0.00 
 
4.32 ± 0.00 
4.32 ± 0.00 
4.34 ± 0.01 
 
4.32 ± 0.01 
4.32 ± 0.01 
4.33 ± 0.00 
 
* Values represent the average pH of three cheese samples tested in duplicate ± standard 
deviations. (LSD (0.99) = 0.02). 
 
 
Cheese samples pressurised at 600 MPa showed significantly lower (p<0.01) 
TCA-soluble peptides content than the untreated controls and samples treated 
at 300 MPa throughout the storage period (Figure 4-2). This reflects a 
significantly lower (p<0.01) rate of proteolysis in samples treated at 600 MPa.  
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Figure 4-2 Development of 12% (w/v) TCA-soluble peptides, an indicator of 
proteolysis, in lactic curd cheese, untreated (      ) or pressure-treated at 300      
(     ) and 600 MPa (     ) during storage for 8 weeks at 4oC. Bar graphs 
represent the mean of TCA-soluble peptides content of triplicate cheese 
samples tested in duplicate. 
 
 
 
All cheese samples showed a gradual increase in firmness (from 0.37-0.55 N to 
1.52-1.72 N) and adhesiveness (from 0.10-0.13 N to 0.35-0.38 N) over five 
weeks of storage, but there was minimal change between weeks 5 and 8 (Table 
4-2). However, no significant differences (p>0.01) between the textural 
properties of pressure-treated samples and untreated controls were found 
during storage. 
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Table 4-2 Firmness and adhesiveness (stickiness) of untreated and pressure-
treated lactic curd cheeses measured by TA-XT2 Texture Analyser at 23oC 
using a 60° conical probe during storage for 8 weeks at 4oC.  
 
Storage time 
(Weeks) 
Pressure level 
(MPa) 
Firmness* 
(N) 
Adhesiveness* 
(N) 
0 
 
 
 
3 
 
 
 
5 
 
 
 
8 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
0.37 ± 0.11 
0.43 ± 0.11 
0.55 ± 0.24 
 
1.24 ± 0.11 
1.20 ± 0.04 
1.26 ± 0.02 
 
1.72 ± 0.18 
1.39 ± 0.21 
1.52 ± 0.14 
 
1.43 ± 0.16 
1.39 ± 0.11 
1.36 ± 0.11   
0.10 ± 0.02 
0.11 ± 0.03 
0.13 ± 0.03 
 
0.28 ± 0.02 
0.28 ± 0.02 
0.28 ± 0.01 
 
0.38 ± 0.03 
0.34 ± 0.05 
0.35 ± 0.03 
 
0.33 ± 0.04 
0.34 ± 0.03 
0.31 ± 0.03 
 
* Values represent the means of firmness and adhesiveness of three cheese samples tested in 
duplicate ± standard deviations (LSD (0.99) = 0.22 for firmness and 0.05 for adhesiveness). 
 
 
The results of the sensory evaluation are presented in Table 4-3. These results 
show that untrained panelists could not distinguish any significant differences 
(p>0.01) between untreated and pressure-treated products for any of the 
sensory parameters investigated.  
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The spreadability, grittiness, moistness, creaminess and overall acceptability of 
cheese gradually declined throughout the storage period, with no significant 
differences between pressure-treated and untreated samples. In contrast, 
stickiness, sourness and bitterness in all samples increased. 
 
Yeast and sporadic mould colonies were detected after 3 weeks in untreated 
samples but only after 5 weeks in samples treated at 300 MPa. No yeast or 
mould colonies were detected over the entire eight-week storage period in 
samples treated at 600 MPa (Table 4-4). No visible mould spoilage was 
observed in any of the cheese packages used for sensory trials. These results 
were consistent with the observations made in Chapter 3. 
 
 
Table 4-4 Viable count of spoilage yeasts and moulds in untreated and 
pressure-treated lactic curd cheeses during storage for 8 weeks at 4oC.  
  
Storage time  
(Weeks) 
Pressure level 
(MPa) 
Yeast and mould count* 
(Log CFU g-1) 
0 
 
 
 
3 
 
 
 
5 
 
 
 
8 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
2.00 ± 0.00 
2.00 ± 0.00  
2.00 ± 0.00   
 
4.80 ± 0.05 
2.00 ± 0.00 
2.00 ± 0.00 
 
5.60 ± 0.01 
2.15 ± 0.02 
2.00 ± 0.00 
 
6.19 ± 0.06 
2.77 ± 0.01 
2.00 ± 0.00 
 
* Values represent the means ± standard deviations of viable counts of spoilage yeasts and 
moulds enumerated in duplicate in representative pooled samples obtained by mixing three 
bags of untreated or pressure treated cheeses. (Detection limit: Log 2 CFU g-1) 
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4.4 DISCUSSION 
 
The variation in the cheese pH during storage was similar to that observed in 
Chapter 3. The pH change in untreated and pressure-treated cheeses indicated 
no significant effect (p<0.01) of HPP on pH change in lactic curd cheese during 
storage at 4oC.  
 
The rate of proteolysis in the lactic curd cheese treated at 300 MPa, as 
determined by the level of TCA-soluble peptides remained the same as the 
untreated control. However, substantial reduction in TCA-soluble peptides 
content in cheeses treated at 600 MPa was observed in the current study that 
could have been caused by pressure-induced reduction in viable numbers or 
activity of lactic acid bacteria (LAB), inactivation of proteolytic enzymes, 
conformational changes in the enzyme substrates or a combination of these 
factors. The reduced cheese proteolysis at 600 MPa found in the current study 
is consistent with the results reported by Wick et al. (2004) who found that the 
free amino acid (FAA) content (an indicator of proteolysis) were significantly 
lower in 1-month or 4-month old cheeses treated at 500-800 MPa (25oC, 5 min) 
than in untreated controls, while in cheeses treated at lower pressures a similar 
level as the controls was found. Malone et al. (2003) demonstrated the 
inactivation of cell envelop proteinase (CEP) and intracellular peptidases (PepN 
and PepX) of L. lactis subsp. cremoris MG1363 by HPP at ≥400 MPa. A partial 
decrease in aminopeptidase, PepX and dipeptidase activities of Lactobacillus 
casei at 400 MPa was also reported by Casal and Gomez (1999). In contrast, 
Saldo et al. (2000) found accelerated proteolysis in rennet-coagulated goat’s 
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milk cheese treated at 400 MPa (14oC, 5 min) that resulted in shortening of 
ripening time from conventional 28 days to 14 days. This was attributed to the 
enhanced enzymatic activity from inoculated starter bacteria at an elevated pH 
level caused by pressure. 
 
Data on textural analysis and sensory evaluation indicated that HPP did not 
noticeably and adversely affect any of the product’s quality attributes despite 
the apparent reduction in proteolysis when cheeses were treated at 600 MPa. 
Textural and sensory attributes of fresh lactic curd cheese are not expected to 
be greatly influenced by variation in the minimal proteolysis that takes place 
during the short shelf-life of the product. Unlike rennetted and ripened cheeses 
(where strong proteolysis during ripening plays an important role in flavour and 
texture development) the level of proteolysis in this product (non-rennetted, 
acid-coagulated and stored at 4oC) is minimal. Both the pressure-treated and 
untreated cheeses received relatively high scores for spreadability and 
moistness by the sensory panel, while the average scores for bitterness 
remained very low throughout the storage. 
 
The gradual decrease in spreadability and increase in stickiness during storage 
demonstrated by the sensory evaluation were consistent with increases in the 
product’s firmness and adhesiveness as measured by the texture analyser, with 
no significant differences (p>0.01) between pressure-treated and untreated 
cheeses. The sourness of all samples also steadily increased consistent with 
the increase in TA as observed in previous trial (Chapter 3) despite no apparent 
change in pH. The panelists were unable to clearly distinguish the effects of 
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high levels of yeasts in untreated samples compared with pressure-treated 
cheeses, most likely as a result of the added ingredients imparting intense 
flavours in these commercial products. More extensive sensory evaluation is 
necessary to pursue these effects in products manufactured with and without 
added ingredients that may affect flavour profiles. Similar to observations of the 
current investigation, in the studies by Capellas et al. (2000 and 2001) pressure 
treatment of Mató, a fresh goat’s milk cheese, at 500 MPa alone or combined 
with nisin extended the product’s shelf-life with only minor changes to quality 
attributes (texture and colour), microstructure and water retention capacity. 
 
Treatment at 300 and 600 MPa effectively controlled the outgrowth of yeasts 
and moulds to <600 CFU g-1 throughout the storage period. This is consistent 
with the observation made in Chapter 3 on a different batch of fresh lactic curd 
cheese. 
 
 
4.5 CONCLUSION 
 
The current study demonstrated that pressure treatment of fresh lactic curd 
cheese at 300 and 600 MPa did not adversely affect the sensory and textural 
properties of the product. The rate of proteolysis in cheese during refrigerated 
storage was not influenced by treatment at 300 MPa, whereas it was 
substantially reduced by treatment at 600 MPa. This indicates that at this 
pressure level (600 MPa) not only the LAB cells are inactivated, but also their 
intracellular proteolytic enzymes undergo changes in molecular structure that 
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renders them ineffective as enzymes. Since proteolysis is not a predominant 
feature of fresh lactic curd cheeses that are made with lactic acid rather than 
rennet and are kept under refrigerated storage conditions, the effects of HPP on 
specific proteolytic enzyme activities were not investigated further in this study. 
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CHAPTER 5 
EFFECTS OF HIGH PRESSURE TREATMENT ON STARTER  
BACTERIA AND SPOILAGE YEASTS IN FERMENTED MILK 
 MODELS AT DIFFERENT pH LEVELS 
 
 
 
5.1 INTRODUCTION 
 
The effectiveness of high pressure processing (HPP) at 300-600 MPa (≤22oC, 5 
min) for controlling the outgrowth of spoilage yeasts and moulds in fresh lactic 
curd cheese (pH 4.3-4.4) without adversely affecting product’s quality attributes 
was demonstrated in Chapters 3 and 4. High pressure treatment of cheese had 
no significant effect (p<0.01) on changes in pH and titratable acidity (TA) during 
storage; however, the moderate post-processing acidification in untreated and 
pressure-treated samples during storage did not influence the overall 
acceptability of this acidic product as evaluated by the sensory panel. The 
current study was undertaken to optimise the pH and pressure conditions for 
controlling post-processing acidification in fermented dairy products. The main 
objective was to determine the effects of HPP on the viability and glycolytic 
activity of various mesophilic and thermophilic starter bacteria during 
refrigerated storage of fermented milk models at different pH levels. Other 
objectives of this study were to evaluate the combined effects of HPP and salt 
on the viability of starter bacteria, to determine the effect of HPP on the 
proteolytic activity of starter bacteria during storage, and to investigate the role 
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of pH on the effectiveness of HPP for controlling the outgrowth of spoilage 
yeasts isolated from the fresh lactic curd cheese. 
 
 
5.2 MATERIALS AND METHODS 
5.2.1 Starter cultures 
 
For the purpose of different trials in this study, the following frozen (-80oC) 
starter cultures were obtained from the Food Science Australia, Werribee 
(FSAW) culture collection on Protect cryobeads (Technical Service Consultants, 
Heywood, UK): 
 
• Lactococcus lactis subsp. lactis C10 (FSAW, No. 2046) 
• Lactococcus lactis subsp. cremoris BK5 (FSAW, No. 2015) 
• Streptococcus thermophilus TS1 (FSAW, No. 3715) 
• Lactobacillus acidophilus 2400 (FSAW, No. 2128) 
• Lactobacillus delbrueckii subsp. bulgaricus 2517 (FSAW, No. 2132) 
 
Amongst the above cultures, Lactococcus lactis subsp. lactis is of the most 
significance in cheesemaking including the manufacture of fresh lactic curd 
cheeses. Therefore, this culture has been studied more extensively in this 
chapter. Prior to use in milk model, the frozen stock cultures were resuscitated 
by overnight incubation in M17 broth (Oxoid CM0817) containing 0.5% (w/v) 
bacteriological lactose (Oxoid LP0070) or MRS broth (Oxoid CM0359) under 
the conditions given in Table 5-1 and subsequently subcultured in UHT skim 
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milk. The synthetic media used for resuscitation were the same media in which 
the cells were prepared for freezing. 
 
Table 5-1 Media and growth conditions for the resuscitation of frozen starter 
cultures.  
 
Starter cultures Media Incubation 
temperature (oC) 
Incubation 
condition 
L. lactis subsp. lactis C10 
L. lactis subsp. cremoris BK5 
S. thermophilus TS1 
Lb. acidophilus 2400 
Lb. delbrueckii subsp. bulgaricus 2517 
M17 + 0.5% lactose 
M17 + 0.5% lactose 
M17 + 0.5% lactose 
MRS 
MRS 
30 
30 
45 
37 
37 
aerobic 
aerobic 
aerobic 
anaerobic* 
anaerobic* 
* Oxoid AnaeroGen AN0025A 
 
 
5.2.2 Isolation and identification of spoilage yeasts  
 
Two morphologically different types of yeast colonies were isolated from spoiled 
lactic curd cheese kept under refrigeration (4oC) and purified by successively 
growing on Tryptone Soy Yeast Extract (TSYE) agar [containing 30 g L-1 
Tryptone Soya Broth (Oxoid CM0129), 6 g L-1 Yeast Extract (Oxoid LP0021) 
and 10 g L-1 bacteriological agar (Agar No. 1: Oxoid LP0011] at 25oC for 5 days. 
The isolated yeasts were then Identified with the API ID 32 C (bioMérieux® SA, 
Lyon, France), a standardised system for the identification of yeasts, after 
incubation at 30oC for 48 h. The ID 32 C strip consists of 32 cupules, each 
containing a dehydrated carbohydrate substrate for a miniaturised assimilation 
test. The semi-solid, minimal media of the strips were inoculated with 
suspensions of the yeasts to be tested. The identification was performed using 
the apiwebTM software (bioMérieux® SA, Lyon, France) after visual reading of 
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strips at 24 and 48 h by comparing each cupule with the control and recording 
as positive any cupule that was more turbid than the control. The isolated and 
identified yeasts were subsequently grown in TSYE broth (excluding 
bacteriological agar) at 25oC for 5 days before inoculating in UHT milk. 
 
 
5.2.3 Preparation and pressure treatment of milk models  
 
To ensure the absence of natural microflora, the milk used in trials needed to be 
sterilised and thus UHT skim milk (Devondale brand, Murray Goulburn Co-
operative Limited, Victoria, Australia) was chosen for ease of access and use, 
and to eliminate the possible baroprotective effect of milk fat. Each starter 
culture (5-2-1) was individually grown (0.1% v/v) overnight in UHT skim milk 
under the same temperatures regime as indicated in Table 5-1. The resulting 
fermented milk (varying from pH 4.3 for Lactococcus to pH 5.2 for 
Streptococcus and Lactobacillus) was diluted with UHT skim milk to adjust the 
pH to different levels up to pH 6.5. The amounts of UHT skim milk (pH 6.5) 
required to dilute the fermented milk containing Lactococcus (pH 4.3) to 
selected pH values are given in Appendix 3. Triplicate aliquots of different pH 
dilutions were aseptically transferred into sterile plastic bags, heat-sealed and 
stored at 4oC. All samples were pressure treated in triplicate HPP runs at 200-
600 MPa (≤22oC, 5 min) on the following day.  
 
Separate batches of UHT skim milk were used in each of the following trials to 
prepare the fermented milk models: 
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In the first trial, the combined effects of HPP (200-600 MPa) and pH (4.3-6.5) on 
the viability of L. lactis subsp. lactis C10, L. lactis subsp. cremoris BK5 and S. 
thermophilus TS1 was investigated. 
 
The second trial was conducted to evaluate the baroprotective effect of salt in 
the milk model on L. lactis subsp. lactis C10 pressure treated at 300 and 400 
MPa and pH 5.0. Sterilised dry NaCl (121oC, 15 min) was aseptically added to 
milk at concentrations of 0.8, 4 and 20% w/v (0.1, 0.7 and 3.4 M), mixed well 
and transferred into sterile plastic bags and heat-sealed under aseptic 
conditions. 
 
In the third trial, the combined effects of HPP (300 and 600 MPa) and pH (4.3-
6.5) on the viability and glycolytic and proteolytic activities of the bacteria under 
study (5.2.1) during refrigerated storage was evaluated. Triplicate samples 
containing each starter culture at different pH levels were stored after pressure 
treatment along with untreated controls at 4oC for 8 weeks. 
 
The last trial was conducted to investigate the combined effects of HPP and pH 
on the viability of spoilage yeasts in the milk model during refrigerated storage. 
Aliquots of 0.3% (v/v) TSYE broth containing 1:1 blend of the two spoilage 
yeasts isolated from lactic curd cheese were added to the pH 4.3 and 5.2 milk 
models containing L. lactis subsp. lactis C10 and also to pure UHT skim milk 
(pH 6.5) and triplicate samples of each pH level were pressure treated (300 and 
600 MPa) and stored along with untreated controls at 4oC for 8 weeks. 
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5.2.4 Enumeration of starter bacteria 
 
The count of surviving starter bacteria in triplicate pressure-treated and control 
samples was determined in duplicate on the day following pressure treatment 
(in the first, second and third trials) and on weeks 1, 3, 5 and 8 (only in the third 
trial) during storage at 4oC using the spread plate (0.1 mL) and spiral plate (Don 
Whitley Scientific Limited, Shipley, West Yorkshire, UK) techniques. The media 
selected were M17 agar for Lactococcus and Streptococcus incubated under 
both aerobic and anaerobic (Oxoid AnaeroGen AN0025A) conditions at 30oC 
(Lactococcus) or 45oC (Streptococcus) for 48 h, and MRS agar (Oxoid 
CM0361) for Lactobacillus incubated anaerobically at 37oC for 48 h., 
Representative 1 mL samples were taken from each of the triplicate bags and 
extended in 9 mL sterile 0.1% (w/v) bacteriological peptone solution (Oxoid 
LP0037) under aseptic conditions and serial dilutions were then prepared using 
peptone solution. 
 
 
5.2.5 Enumeration of yeasts 
 
Viable count of yeasts in refrigerated samples was enumerated in duplicate, 
one day post-pressurisation and at time intervals of 3 and 8 weeks during 
storage using DRBC and M17 agars incubated at 25oC for 5 days under aerobic 
condition. 
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5.2.6 Determination of pH and titratable acidity 
 
The pH and TA measurements were conducted to monitor the glycolytic activity 
of starter bacteria in fermented milk models during storage. The pH of all 
samples opened for microbiological tests in the third trial was measured in 
duplicate. The remainder of the milk models containing L. lactis subsp. lactis 
C10, S. thermophilus TS1 or Lb. acidophilus 2400 were frozen at -20oC and 
kept for titratable acidity (TA) and proteolysis determinations at a later stage. 
The TA was measured on the samples of day 1 and weeks 1, 3, 5 and 8 (for 
Lactococcus) or day 1 and weeks 1 and 8 (for the other two strains) in 
duplicate. To measure the TA, 10 mL of undiluted or diluted (1:10 with Milli-Q 
water) samples were titrated against 100 mM NaOH to endpoint pH of 8.2 using 
719 S Titrino titrator (Metrohm Ion Analysis, Metrohm Ltd., Herisau, 
Switzerland). 
 
 
5.2.7 Proteolysis measurement 
 
To assess the proteolysis in fermented milk models containing L. lactis subsp. 
lactis C10, S. thermophilus TS1 or Lb. acidophilus 2400 in the third trial, the 
level of 12% (w/v) TCA-soluble peptides was determined in duplicate in the 
samples of day 1 and weeks 1, 3, 5 and 8 (for Lactococcus) or day 1 and weeks 
1 and 8 (for the other two strains), following the method of Kelly and Foley 
(1997). Aliquots of 750 µL of thawed milk samples were mixed with equal 
volume of 24% (w/v) TCA, vortexed and kept for 10 min at room temperature, 
 88 
followed by centrifugation at 18,000 x g for 5 min at 4oC (Eppendorf microfuge, 
Germany, Model 5414 S). The level of soluble peptides in the supernatant was 
determined in duplicate by the colourimetric assay at 340 nm (Church et al., 
1983), using an OPA reagent prepared as described in Chapter 4, Section 
4.2.5.2. The TCA-soluble peptides content of the extracts was determined from 
a new L-Leucine standard curve developed under the experimental conditions 
used in this trial (Appendix 1b). 
 
 
5.2.8 Statistical analysis of data 
 
Statistical analysis was performed as described in Chapter 3, Section 3.2.6. 
 
 
5.3 RESULTS 
5.3.1 Pressure-induced inactivation of starter bacteria at different pH and 
salt levels 
 
The pressure-induced inactivation of L. lactis subsp. lactis C10 in milk models 
decreased with increasing pH from acidic to more neutral values (Figure 5-1); 
however, increasing the pH from 4.28 to 5.02 did not notably protect lactococci 
when treated at 600 MPa. Treatment at 200 MPa had little effect on the 
inactivation of this strain (<1 log) at all pH levels investigated. The maximum 
inactivation (9 logs) was achieved at pH 4.28 by treatment at 400 or 600 MPa. 
In contrast, treatment of pH 6.53 samples resulted in a 2.88 log reduction at 600 
MPa and only a 0.68 log reduction at 400 MPa. 
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Figure 5-1 Reduction in the viable count of L. lactis subsp. lactis C10 by high 
pressure treatment at different pH levels in fermented milk model treated at 200 
(       ), 300 (       ), 400 (      ) and 600 MPa (      ). Bar graphs represent the 
mean of log reductions in three samples tested in duplicate. N0 and N are the 
numbers of viable cells in milk model (CFU mL-1) before and after treatment, 
respectively. 
 
 
The viable count of L. lactis subsp. lactis C10 in the untreated pH 5.0 milk 
model was reduced from 8.95 log CFU mL-1 to  8.90, 8.89 and 8.79 log CFU 
mL-1 by the addition of salt at concentrations of 0.8, 4 and 20% w/v (0.1, 0.7 and 
3.4 M), respectively. The level of HPP-induced inactivation of Lactococcus at 
300 MPa was not influenced by the addition of 0.8% w/v salt and when salt level 
was increased to 4% w/v the viable numbers were reduced by only 0.55 logs 
(Figure 5-2). The inactivation of lactococci by treatment at 400 MPa was not 
significantly affected (p>0.01) by salt levels up to 4%, but 20% w/v salt 
substantially protected them against inactivation by HPP at both pressure 
levels. 
 
 
 90 
 
0
1
2
3
4
5
6
7
8
9
10
0.0 0.8 4.0 20.0
% NaCl
Re
du
c
tio
n
 
in
 
v
ia
bl
e
 
c
o
u
n
t
(L
o
g 
N/
N
0)
LSD (0.99) = 0.14
 
 
Figure 5-2 Reduction in the viable count of L. lactis subsp. lactis C10 by high 
pressure treatment at pH 5.0 and different salt levels in fermented milk model 
treated at 300 (    ) and 400 MPa (     ). Bar graphs represent the mean of log 
reductions in three samples tested in duplicate. N0 and N are the numbers of 
viable cells in milk model (CFU mL-1) before and after treatment, respectively.  
 
 
The pressure-induced inactivation of L. lactis subsp. cremoris BK5 and S. 
thermophilus TS1 in fermented milk models at different pH values as shown in 
Table 5-2 were associated with the common pH and pressure values that 
provide comparison between the two starters. However, S. thermophilus TS1 
could not drop the pH value to below 5.10, hence no measurement was 
performed. Similar levels of inactivation of L. lactis subsp. cremoris BK5 was 
achieved (8.47-8.90 logs) by treatment of milk at 300-600 MPa at the pH levels 
of 4.36-5.10 (Table 5-2). Raising the pH to 5.80 substantially decreased the 
HPP inactivation level and resulted in only a 3.88 log reduction in the viable 
count of this strain. The level of inactivation of S. thermophilus TS1 was slightly 
reduced by increasing pH from 5.10 to 6.20 and markedly decreased at pH 6.50 
(Table 5-2). 
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Table 5-2 Effects of pH on the pressure-induced inactivation of L. lactis subsp. 
cremoris BK5 and S. thermophilus TS1 in fermented milk models. 
 
pH value 
 
Pressure level 
(MPa) 
L. lactis subsp.* 
cremoris BK5 
S. thermophilus* 
TS1 
4.36 
 
 
 
4.97 
 
 
 
5.10 
 
 
 
5.80 
 
 
6.20 
 
6.55 
 
300 
400 
600 
 
300 
400 
600 
 
200 
400 
600 
 
400 
600 
 
600 
 
200 
400 
600 
8.90 ± 0.06 
8.90 ± 0.06 
8.90 ± 0.05  
 
8.60 ± 0.09 
8.60 ± 0.12  
8.60 ± 0.11  
 
   nm** 
8.47 ± 0.10  
nm 
 
3.88 ± 0.08  
nm 
 
nm 
 
nm 
1.20 ± 0.03 
nm   
nm 
nm  
nm  
 
nm 
nm 
nm  
  
0.03 ± 0.00 
2.49 ± 0.04 
6.30 ± 0.12  
 
nm  
6.28 ± 0.10 
 
5.68 ± 0.08 
 
0.06 ± 0.01 
1.31 ± 0.02 
3.03 ± 0.09 
 
* Values represent the means of log reductions in three samples tested in duplicate ± standard 
deviations (LSD (0.99) = 0.13 for L. lactis subsp. cremoris BK5 and 0.11 for S. thermophilus TS1). 
 
** Not measured. 
 
 
5.3.2 Changes in microbial count, pH, TA and proteolysis of fermented 
milk models containing L. lactis subsp. lactis C10 during storage at 4oC 
 
The viable number of L. lactis subsp. lactis C10 in the pH 4.30 samples treated 
at 300 MPa dropped to below the detection limit (log 0 CFU mL-1) within the first 
week of storage at 4oC (Figure 5-3a; Appendix 4a). The Lactococcus count in 
pH 4.30 and 5.20 samples treated at 600 MPa remained below the detection 
limit throughout the 8-week storage period (Figures 5-3a and 5-3b; Appendices 
3a and 3b). No recovery of pressure-injured Lactococcus cells was found at pH 
4.30 and 5.20. A gradual drop in the numbers of Lactococcus was also 
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observed in untreated samples at both pH levels, but the decline was faster at 
pH 4.30. A slight recovery (ca. 1.5 logs) in the viability of Lactococcus was 
detected in pH 6.50 samples treated at 600 MPa within the first 3 weeks of 
refrigerated storage under both anaerobic (Figure 5-3c) and aerobic (Appendix 
4c) incubation conditions, followed by a 0.8 log decrease from week 3 to week 
8. The population of viable Lactococcus at pH 6.50 in the untreated samples 
and those treated at 300 MPa did noticeably change during storage. 
 
High pressure treatment caused a slight increase in the pH level of the milk 
models (Figure 5-4). The maximum increase (ca. 0.20 units) occurred in pH 
6.50 samples treated at 600 MPa (Figure 5-4c). The pH gradually decreased 
and the TA increased during storage in both untreated and pressure-treated 
samples (Figures 5-4 and 5-5). In untreated samples of pH 5.20 (0.40 TA), the 
pH noticeably dropped to 4.70 and the TA increased to 0.60% within the first 
week of storage. In these samples, the pH remained at a significantly lower 
level (p<0.01) and the TA at a significantly higher level (p<0.01) than the 
pressure-treated samples until the end of the storage period. In the samples 
pressurised at pH 5.20, the TA increased by only 0.05% (600 MPa) and 0.10% 
(300 MPa) at week 8, compared to an increase of 0.30% in untreated controls. 
 
The level of TCA-soluble peptides, an indicator of proteolysis in milk, steadily 
increased in both untreated and pressure-treated samples at all pH levels 
throughout the storage period (Figure 5-6). Untreated controls at pH 5.20 and 
6.50 as well as those treated at 300 MPa showed greater proteolysis (p<0.01) 
than those treated at 600 MPa. 
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Figure 5-3 Residual viable count of L. lactis subsp. lactis C10 under anaerobic 
incubation condition in fermented milk model, untreated (     ) or pressure-
treated at 300 (       ) and 600 (      ) MPa at pH 4.30 (a), 5.20 (b) and 6.50 (c) 
during storage for 8 weeks at 4oC. Bar graphs represent the mean of viable 
counts of three samples tested in duplicate (Detection limit: Log 0 CFU mL-1). 
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Figure 5-4 Changes in the pH of fermented milk model by L. lactis subsp. lactis 
C10, untreated (      ) or pressure-treated at 300 (       ) and 600 (      ) MPa at 
pH 4.30 (a), 5.20 (b) and 6.50 (c) during storage for 8 weeks at 4oC. Bar graphs 
represent the mean of pH of three samples tested in duplicate. 
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Figure 5-5 Changes in the TA of fermented milk model by L. lactis subsp. lactis 
C10, untreated (       ) or pressure-treated at 300 (       ) and 600 (       ) MPa at 
pH 4.30 (a), 5.20 (b) and 6.50 (c) during storage for 8 weeks at 4oC. Bar graphs 
represent the mean of TA of three samples tested in duplicate. 
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Figure 5-6 Development of 12% (w/v) TCA-soluble peptides, an indicator of 
proteolysis, in fermented milk model containing L. lactis subsp. lactis C10, 
untreated  (       ) or pressure-treated at 300 (       ) and 600 (       ) MPa at pH 
4.30 (a), 5.20 (b) and 6.50 (c) during storage for 8 weeks at 4oC. Bar graphs 
represent the mean of 12% (w/v) TCA soluble peptides content of three 
samples tested in duplicate.   
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5.3.3 Changes in microbial count, pH, TA and proteolysis of fermented 
milk models containing other starter bacteria at pH 5.2 during storage at 
4oC 
 
Further investigation with other lactic acid bacteria used in cultured dairy 
products were investigated at approximately pH 5.2 to provide comparison with 
Lactococcus lactis subsp lactis, at this level of relatively moderate acidity. 
  
The viable count of L. lactis subsp. cremoris BK5 in the milk model of pH 4.3 
was below the detection limit (log 0 CFU mL-1) in pressure-treated samples 
throughout the storage period and dropped below the detection limit in 
untreated controls at week 5 (data not shown). Figure 5-7 and Appendix 5 
present the residual viable counts of this and three other thermophilic starter 
cultures in milk at pH 5.2 during storage for 8 weeks at 4oC. Again there were 
few differences observed in the viable count of starter bacteria recovered after 
pressure treatment under anaerobic (Figure 5-7) or aerobic (Appendix 5) 
condition. Initial 8.6, 7.0 and 8.0 log CFU mL-1 viable counts of L. lactis subsp. 
cremoris, S. thermophilus and Lb. delbrueckii dropped to 3.7, 6.3 and 5.6 log 
CFU mL-1, respectively by treatment at 300 MPa. Pressurisation at 600 MPa 
caused the viable counts of these strains to drop below the detection limit 
immediately after treatment. The viability of Lb. acidophilus was not affected by 
treatment at 300 MPa but at 600 MPa the initial count of 8.1 log CFU mL-1 
dropped to 2.0 log CFU mL-1 (Figure 5-7c). The populations of all four strains in 
untreated and pressure-treated samples gradually declined during storage. The 
viable count of Lb. acidophilus in samples treated at 300 MPa declined at a 
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significantly lower rate (p<0.01) than the controls from week 3 to the end of the 
storage period (Figure 5-7c). 
 
High pressure treatment marginally increased the pH of the fermented milk 
model containing each of the four bacterial strains. The pH increase was more 
noticeable in the samples containing S. thermophilus or Lb. acidophilus, where 
treatment at 600 MPa caused the pH to rise by 0.43 and 0.44, respectively. The 
pH decreased in all samples during storage, but the decline was greater in 
untreated samples where the pH 5.2 dropped to 4.5, 5.0, 5.0 and 4.8 in the milk 
models containing L. lactis subsp. cremoris, S. thermophilus, Lb. acidophilus 
and Lb. delbrueckii, respectively (Figure 5-8). The pH in all pressure-treated 
samples remained at significantly higher levels (p<0.01) than the untreated 
controls throughout the storage. 
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Table 5-3 shows the increase in the TA of milk models containing S. 
thermophilus or Lb. acidophilus. The TA was detected at substantially higher 
levels in untreated samples than the pressurised ones at week 8. 
 
 
 
Table 5-3 Changes in the TA of untreated and pressure-treated fermented milk 
models containing S. thermophilus TS1 (pH 5.24) or Lb. acidophilus 2400 (pH 
5.20) during storage for 8 weeks at 4oC. 
 
Storage time 
(Weeks) 
Pressure level 
(MPa) 
S. thermophilus TS1* Lb. acidophilus 2400* 
0 
 
 
 
1 
 
 
 
8 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
0.40 ± 0.02  
0.37 ± 0.01  
0.35 ± 0.01  
 
0.44 ± 0.02  
0.39 ± 0.01  
0.35 ± 0.01 
 
0.60 ± 0.03 
0.42 ± 0.01  
0.37 ± 0.01 
0.39 ± 0.01  
0.32 ± 0.01  
0.29 ± 0.01  
 
0.45 ± 0.01  
0.34 ± 0.01  
0.30 ± 0.01 
 
0.59 ± 0.01 
0.44 ± 0.01  
0.38 ± 0.01 
 
* Values represent the means of TA (% lactic acid eqv.) of three samples tested in duplicate ± 
standard deviations (LSD (0.99) = 0.02 for S. thermophilus TS1 and Lb. acidophilus 2400). 
 
 
 
 
Table 5-4 presents changes in proteolysis of milk containing S. thermophilus or 
Lb. acidophilus. The level of 12% (w/v) TCA-soluble peptides in milk models 
containing S. thermophilus at week 8 indicated an increase in proteolysis of 
both pressurised and unpressurised milks, but substantially less proteolysis was 
found in samples treated at 600 MPa than the controls and those treated at 300 
MPa. The TCA-soluble peptides content of milks containing Lb. acidophilus 
increased slightly during storage with no noticeable differences between 
pressurised samples and untreated controls.    
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Table 5-4 Changes in the 12% (w/v) TCA-soluble peptides content of untreated 
and pressure-treated fermented milk models containing S. thermophilus TS1 
(pH 5.24) or Lb. acidophilus 2400 (pH 5.20) during storage for 8 weeks at 4oC. 
 
Storage time 
(Weeks) 
Pressure level 
(MPa) 
S. thermophilus TS1* Lb. acidophilus 2400* 
0 
 
 
 
1 
 
 
 
8 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
1.61 ± 0.12  
1.74 ± 0.16  
1.49 ± 0.09  
 
1.65 ± 0.13  
1.76 ± 0.08  
1.65 ± 0.05  
 
6.32 ± 0.11  
6.65 ± 0.05  
4.11 ± 0.10   
3.48 ± 0.08  
3.38 ± 0.13  
3.30 ± 0.10  
 
3.72 ± 0.11  
3.65 ± 0.05  
3.64 ± 0.05  
 
4.10 ± 0.11  
3.95 ± 0.07  
3.72 ± 0.07   
 
* Values represent the means of 12% (w/v) TCA soluble peptides content (mM) of three 
samples tested in duplicate ± standard deviations (LSD (0.99) = 0.16 for S. thermophilus TS1 and 
0.14 for Lb. acidophilus 2400). 
 
 
 
 
5.3.4 Pressure-induced changes in spoilage yeast count of fermented milk 
models at different pH levels during storage at 4oC 
 
The predominant spoilage yeasts isolated from lactic curd cheese were 
identified as Candida zeylanoides (Appendix 6a) and Candida lipolytica 
(Appendix 6b). Table 5-5 demonstrates the HPP-induced inactivation of these 
yeast species in milk models at different pH levels and their subsequent 
recovery during refrigerated storage. Treatment of milk at 600 MPa decreased 
the viable count of both yeast species to below the detection limit (log 0 CFU 
mL-1) and inhibited their outgrowth during storage. Processing at 300 MPa 
dropped the C. zeylanoides numbers to below detection limit while the viable 
count of C. lipolytica was initially reduced by 2.55, 2.42 and 2.33 logs at pH 
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levels of 4.3, 5.2 and 6.5 respectively, and subsequently increased by 2.92, 
2.78 and 3.15 logs within 3 weeks of storage. 
 
 
Table 5-5 Viable counts of spoilage yeasts in untreated and pressure-treated 
fermented milk models at different pH levels during storage for 8 weeks at 4oC. 
 
Viable count 
(Log CFU mL-1) 
Storage time 
(Weeks) 
pH value Pressure level 
(MPa) 
 
Candida zeylanoides * Candida lipolytica * 
0 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
 
 
 
 
 
 
 
 
 
 
 
 
8 
 
4.3 
 
 
 
5.2 
 
 
 
6.5 
 
 
 
 
 
4.3 
 
 
 
5.2 
 
 
 
6.5 
 
 
 
 
 
4.3 
 
 
 
5.2 
 
 
 
6.5 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
 
 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
 
 
 
0 
300 
600 
 
0 
300 
600 
 
0 
300 
600 
 5.08 ± 0.12  
0.00 ± 0.00  
0.00 ± 0.00  
 
5.27 ± 0.07  
0.00 ± 0.00  
0.00 ± 0.00  
 
5.41 ± 0.20  
0.00 ± 0.00  
0.00 ± 0.00  
 
 
 
7.18 ± 0.00  
0.00 ± 0.00  
0.00 ± 0.00  
  
7.11 ± 0.20 
0.00 ± 0.00  
0.00 ± 0.00  
 
6.78 ± 0.04  
0.00 ± 0.00  
0.00 ± 0.00 
 
 
 
7.62 ± 0.09  
0.00 ± 0.00  
0.00 ± 0.00  
 
7.37 ± 0.04  
0.00 ± 0.00  
0.00 ± 0.00  
 
7.44 ± 0.17  
0.00 ± 0.00  
0.00 ± 0.00 
4.90 ± 0.02  
2.35 ± 0.12  
0.00 ± 0.00  
 
4.90 ± 0.16  
2.48 ± 0.15  
0.00 ± 0.00  
 
4.96 ± 0.15  
2.63 ± 0.03  
0.00 ± 0.00 
 
  
 
6.30 ± 0.03 
5.27 ± 0.02  
0.00 ± 0.00  
  
6.31 ± 0.12 
5.26 ± 0.05  
0.00 ± 0.00  
 
6.89 ± 0.09  
5.78 ± 0.07  
0.00 ± 0.00 
 
 
 
7.38 ± 0.03  
6.64 ± 0.14  
0.00 ± 0.00  
 
7.51 ± 0.10  
6.74 ± 0.01  
0.00 ± 0.00  
 
7.70 ± 0.23   
7.59 ± 0.07  
0.00 ± 0.00 
 
* Values represent the means of log values of yeasts (Detection limit: Log 0 CFU mL-1) in three 
samples tested in duplicate ± standard deviations (LSD (0.99) = 0.15 for Candida zeylanoides and 
0.12 for Candida lipolytica). 
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5.4 DISCUSSION 
 
High pressure processing has been reported to cause several detrimental 
changes to micro-organisms such as destruction of the cell membrane and 
inactivation of membrane-bound enzymes (i.e. ATPases) that adversely affect 
cell viability. Proposed mechanisms of microbial inactivation by HPP have been 
presented in Chapter 2. Results obtained in the current study confirm that 
pressure-induced inactivation of lactic acid bacteria (LAB) is pH-dependant. The 
rate of HPP-induced reduction in the viability of both mesophilic and 
thermophilic starter cultures in fermented milk models decreased substantially 
as the milk pH increased from acidic to more neutral levels. It is believed that 
the pH rise could cause a progressive increase in cell resistance to pressure. 
This indicates the importance of the suspending medium pH (milk in this study) 
at the time of treatment in determining the level of microbial inactivation. Data 
obtained in this study is consistent with findings reported in the literature for 
starter bacteria and pathogens. Molina-Gutierrez (2002) found that L. lactis and 
Lb. plantarum were less pressure-sensitive at pH 6.5 than at pH 4.0. Alpas et al. 
(2000) reported that pressurisation at 345 MPa and pH 4.5 caused an additional 
1.2-3.9 log inactivation of Staphylococcus aureus, Listeria monocytogenes, 
Escherichia coli and Salmonella enteritidis compared to pressurisation at pH 
6.5. 
 
Besides pH, the composition of the suspending medium at the time of 
pressurisation can also influence the level of microbial inactivation. Addition of 
solutes may protect cells against inactivation. Takahashi et al. (1993) 
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demonstrated a marked baroprotective effect of 2-4 M sodium chloride against 
the pressure inactivation of E. coli and Saccharomyces cerevisiae dispersed in 
buffer solution (pH 7.0). Molina-Höppner (2004) reported that 4 M NaCl and, to 
a lesser extent, 0.5 M sucrose provided protection against pressure-induced 
inactivation of L. lactis. The results obtained in the present study indicated that 
addition of low concentrations of salt, similar to those used in cheesemaking, 
(i.e. 0.1 M or 0.7 M), to the milk model at pH 5.0 had no baroprotective effect on 
L. lactis subsp. lactis C10, whereas at 3.4 M (20% w/v) it markedly protected 
Lactococcus cells (Figure 5-2). Although high concentration of salt could be 
detrimental for the survival of bacteria due to elevated osmotic pressure in the 
medium, in this study the osmolarity did not overcome the bacterial stress 
responses consistent with a marked baroprotective effect of salt (Sleator and 
Hill, 2001). Bacteria are known to actively accumulate or synthesise 
osmoprotectant molecules as a stress response to sudden changes in 
osmolarity (Sleator and Hill, 2001).  In addition, reduced water activity caused 
by salt may have initiated cell shrinkage and thickening of the cell membrane, 
thus reducing the cell size and membrane permeability and fluidity, resulting in 
greater survival of the micro-organisms (Knorr, 1993 and 1995; Oxen and 
Knorr, 1993; Palou et al., 1997; Takahashi et al., 1993).  
 
The growth conditions (aerobic or anaerobic incubation) did not significantly 
(p>0.01) affect the viable count of Lactococcus or Streptococcus. The acidic 
conditions (pH 4.3 or 5.2) during refrigerated storage prevented or delayed the 
recovery of pressure-injured cells. Only a slight recovery (≤1.5 logs) of L. lactis 
subsp. lactis C10 was observed under both aerobic and anaerobic incubation 
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conditions in pH 6.50 samples treated at 600 MPa within the first 3 weeks of 
refrigerated storage.  
 
The pH of milk models increased after pressure treatment (300 or 600 MPa) 
which was more pronounced in pH 5.2 models containing S. thermophilus or Lb. 
acidophilus. Huppertz et al. (2004d) similarly reported increase in the pH of 
pasteurised whole bovine milk upon treatment at 600 MPa for 30 min and 
attributed that to the increase in buffering capacity of milk due to liberation of 
soluble calcium and phosphate ions from casein micelles as a result of pressure 
treatment, that subsequently combine with hydrogen ion thus providing a 
buffering effect. The observed rise in pH in the current study is consistent with 
the findings of Huppertz et al. (2004d).  
 
The current study showed the capability of HPP at ≥300 in preventing further 
acid development in the pH 5.2 milk model containing L. lactis, S. thermophilus 
or Lb. acidophilus during refrigerated storage. Although treatment at 300 MPa 
did not markedly reduce the viable counts of S. thermophilus and Lb. 
acidophilus, it significantly (p<0.01) inhibited acidifying activity. This could be 
due to partial inactivation of glycolytic enzymes within the cells, without the 
occurrence of total cell membrane lysis at 300 MPa. The potential of HPP for 
controlling post-processing acidification in yoghurt without decreasing the viable 
counts of starter bacteria (S. thermophilus and Lb. delbrueckii subsp. 
bulgaricus) at 200-300 MPa or along with significant reduction in their viable 
counts at ≥300 MPa has been reported by Tanaka and Hatanaka (1992). 
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Proteolysis in milk models resulted from the activity of cultures present in 
fermented milk. The reason for the low TCA-soluble peptide fraction in milk 
model at pH 6.5 compared to those at pH 4.3 and 5.2 (Figure 5-6) is that it 
contained comparatively less fermented milk (only 1% v/v). The proteolytic 
enzymes of LAB were found to be affected by HPP at higher pressures. The pH 
5.2 milk model containing L. lactis subsp. lactis C10 or S. thermophilus treated 
at 600 MPa showed substantially lower levels of TCA-soluble peptides at week 
8 than the controls and samples treated at 300 MPa (Figure 5-6 and Table 5-4). 
This indicated that at such a high pressure level not only cell-bound proteases 
are inactivated, but those released in the medium due to pressure-induced cell 
membrane lysis are also either partially or totally inactivated. Conformational 
changes in the enzyme substrates as a result of HPP may also be a reason for 
reduction in the rate of proteolysis (Wick et al., 2004). 
  
Treatments at 300 and 600 MPa were capable of reducing the viable counts of 
Candida zeylanoides in the milk model at the pH levels of 4.3, 5.2 and 6.5 and 
effectively control its outgrowth during refrigerated storage. The outgrowth of 
Candida lipolytica during storage was only inhibited by treatment at 600 MPa. 
 
The results of the current investigation confirmed the importance of low pH on 
the degree of microbial inactivation, as determined by enumeration of viable 
count.  There is sufficient variation in the pH and pressure parameters on the 
inactivation of the viability of selected micro-organisms and continuing acid 
production in the models used, to require specific validation by challenge 
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assessment of products required for treatment, using the specific micro-
organisms of interest.    
 
 
5.5 CONCLUSION 
 
The findings reported in this chapter suggest that HPP under optimised 
pressure and pH conditions (e.g. ≥300 MPa, pH 5.2 in current study) could be 
used to control post-processing acidification in fermented dairy products caused 
by continued activity of mesophilic or thermophilic starter bacteria during 
refrigerated storage. High pressure treatment between 300 and 600 MPa was 
also confirmed to be suitable for extending the shelf-life of fermented dairy 
products by controlling the outgrowth of spoilage yeasts. This will enable 
manufacturers of fermented dairy products to achieve a longer refrigerated 
shelf-life. However, the results obtained in milk models need further validation in 
real products (e.g. fresh cheeses spiked with known yeasts strains prior to 
pressure treatment). 
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CHAPTER 6 
EFFECTS OF HIGH PRESSURE TREATMENT ON THE 
GLYCOLYTIC ENZYMES OF STARTER BACTERIA 
 
 
 
6.1 INTRODUCTION 
 
Damage to cell membranes has been suggested as one of the major events 
during the inactivation of micro-organisms by high pressure processing (HPP) 
(Pagán and Mackey, 2000; Ritz et al., 2000; Tholozan et al., 2000; Ulmer et al., 
2000). Malone et al. (2002) reported increased lysis of Lactococcus lactis 
subsp. cremoris MG1363 and SK11 membranes in phosphate buffered saline 
(PBS) after treatment at 100-800 MPa for 5 min. Pressure-induced cell lysis in 
micro-organisms can be evaluated by measuring the released intracellular 
enzymes. As recommended by O’Reilly et al. (2002) and Upadhyay et al. 
(2007), lactate dehydrogenase (LDH) was used in this study due to its pressure 
stability, as an index of the extent of pressure-induced lysis of resting cells in 
sodium phosphate buffer. 
 
The findings of the study on effects of HPP on the acidifying activity of lactic 
acid bacteria (LAB) in a fermented milk model at pH 5.2 (5.3.2 and 5.3.3) 
revealed that treatments at 300-600 MPa (≤22oC, 5 min) were able to 
substantially reduce acidification by starter bacteria. This suggests that HPP 
could serve the purpose of controlling continuing acidification in fermented dairy 
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products, where this was a concern. This may enable the potential manufacture 
of cultured curd products at less acidic levels (e.g. pH 5.2) by relying on 
coagulation of milk using heat or rennet to a greater extent for production of the 
curd and then applying high pressure treatment for enhanced shelf-life. 
 
Lactose must first be transported into the cell before it can be fermented. Lactic 
acid bacteria possess two different systems for lactose transport: a 
phosphotranspherase system (PTS) and a permease system, both of which 
require energy (Fox et al., 2000a). In the PTS, the energy is derived from 
phosphoenolpyruvate (PEP) and therefore this system is also known as 
PEP:PTS. The required energy for lactose transport in the permease system is 
derived from ATP. Lactose is transported in the form of lactose phosphate 
(lactose-P) in PTS as a result of the transfer of a high-energy phosphate from 
PEP to lactose, while it is transported without any transformation in the 
permease system. Mesophilic starter bacteria such as lactococci use PTS as 
the main mechanism to transport lactose into the cell; however, some strains of 
L. lactis subsp. lactis also contain the permease system (Farrow and Garvie, 
1979; Farrow, 1980). Thermophilic starter bacteria such as streptococci and 
lactobacilli use a permease system for lactose transport, but some, including 
Lb. acidophilus may also contain PTS (Fisher et al., 1985; Hickey et al., 1986). 
 
Once the lactose is transferred inside the cell, the initial enzymes involved in its 
metabolism are Phospho-β-galactosidase (P-β-gal) and β-galactosidase (β-gal). 
Phospho-β-gal hydrolyses lactose-P to glucose and galactose-6P, while β-gal 
hydrolyses lactose to glucose and galactose. Glucose, galactsoe-6P and 
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galactose are subsequently fermented via the Embden-Meyerhof-Parnas 
(glycolytic), tagatose and Leloir pathways, respectively (Figure 6-1). In the 
tagatose pathway, galactsoe-6-P is metabolised through several derivatives of 
tagatose (a stereoisomer of fructose) to glyceraldehydes-3-P and 
dihydroxyacetone-P. In the Leloir pathway, galactose is transformed to glucose-
1-P. Products of both the tagatose and Leloir pathways are further metabolised 
through the glycolytic pathway. Lactate is the end-product of the glycolytic 
pathway which is produced via conversion of pyruvate by LDH. Leuconostoc 
spp. ferment glucose and galactose via phosphoketolase (PK) pathway where 
the galactose is first transformed to glucose-1-P via the Leloir pathway (Fox et 
al., 2000a). Lactate, ethanol and CO2 are the end products of the PK pathway.  
 
The effects of HPP on the activities of P-β-gal, β-gal and LDH in selected 
mesophilic and thermophilic starter bacteria are investigated in this chapter.                         
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                                 Lactose                                        Lactose                             External environment 
 
 
     Lactose-P                                    Lactose                              Cytoplasm  
   
           P-β-gal                                         β-gal  
                                                       Glucose                                                       Galactose 
                                                                                    galactokinase      
                                                  
                glucokinase             EII-mannose                              Galactose-1-P 
                                                                                                                          
                                                                                                                                       glucose:galactose-1-P uridyl transferase      
                                                                                                                                       uridine diphosphate-glucose epimerase 
                                                                                   phosphoglucomutase  
              Galactose-6-P                Glucose-6-P                                                  Glucose-1-P 
     galactose-6-P  isomerase                    phosphoglucose isomerase  
           Tagatose-6-P                   Fructose-6-P 
      tagatose-6-P   kinase                          phosphofructokinase 
          Tagatose-1,6-biP   Fructose-1,6-biP 
       tagatose-1,6- biP aldolase                 fructose-1,6-biP aldolase                                
      
         
  Dehydroxyacetone-P                         Glyceraldehyde-3-P       
                                                           triose phosphate dehydrogenase 
                                                            1,3-Diphosphoglycerate 
                                                           phosphoglycerokinase 
                                                                3-Phosphoglycerate 
                                                           phosphoglyceromutase 
                                                   2-Phosphoglycerate 
                                                                                      enolase 
                                                         
                                                                Phosphoenolpyruvate 
                                                          pyruvate kinase       Enzyme I 
                                                                               Pyruvate 
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Figure 6-1 Lactose metabolism in LAB through glycolytic pathway (From: Fox et al., 
2000a).  
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6.2 MATERIALS AND METHODS 
6.2.1 Preparation and pressure treatment of resting cells 
 
Frozen (-80oC) stock cultures were initially resuscitated overnight; L. lactis 
subsp. lactis C10 (FSAW, No. 2046) and S. thermophilus TS1 (FSAW, No. 
3715) in M17 broth containing 0.5% (w/v) bacteriological lactose, and Lb. 
acidophilus 2400 (FSAW, No. 2128) in MRS broth under similar conditions as 
described in Section 5.2.1. Resuscitated cultures were subsequently grown 
overnight in larger volumes (1 L for Trials 1 and 2 or 2 L for Trials 3-5) of M17 or 
MRS broth containing 5% (w/v) lactose. The growth medium pH was maintained 
at 6.5 by the addition of 10 M NaOH using a pH control system. Anaerobic 
condition for Lactobacillus growth was provided by injecting nitrogen gas 
through a sterile plastic tube with a sterile cotton wool filter into the MRS broth 
during incubation. The cells were harvested and washed twice (5,520 x g, 10 
min, 4oC, J2-MC Beckman centrifuge), and subsequently resuspended in sterile 
100 mM sodium phosphate buffer containing 4 x 10-4 M MgSO4.7H2O and 3 x 
10-4 M MnSO4.H2O at pH levels of 6.5 and 5.5 (for Trial 1) or only 6.5 (for other 
trials) at a final volume that could provide sufficient sampling for the trial (75 mL 
for Trial 1, 150 mL for Trial 2, 90 mL for Trials 3 and 4, and 60 mL for Trial 5). 
Duplicate 1 mL aliquots of resting cell suspensions were taken to determine the 
cell dry weight, as an indicator of the cell growth, by drying in an oven at 80oC 
overnight. Triplicate samples of each cell suspension were dispensed in 3 
individual sterile plastic bags under aseptic conditions, heat-sealed and 
subjected to high pressure treatment at 300 and 600 MPa (≤22oC, 5 min). The 
following trials were conducted on untreated and pressure-treated resting cells: 
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In the first trial, the effect of HPP on the viability of resting Lactococcus cells in 
sodium phosphate buffer was investigated. The viable cells of Lactococcus 
were enumerated in duplicate, before and after pressure treatment, on M17 
agar containing 0.5% (w/v) lactose incubated under aerobic condition at 30oC 
for 48 h. 
 
In the second trial, the glycolytic activity of pressure-treated and untreated 
resting Lactococcus cells was determined as the amount of lactic acid 
produced, by incubating the cell suspensions with 5% (w/v) lactose in 100 mM 
sodium phosphate buffer and measuring TA during incubation. For the purpose 
of the trial, duplicate 5 mL aliquots of each pressure-treated or untreated cell 
suspension were aseptically mixed with 5 mL of 10% (w/v) filter-sterilised 
lactose or 5 mL sterile 100 mM sodium phosphate buffer (pH 6.5) as the control 
in sterile test tubes and incubated at 30oC for 40 h. A 2 mL aliquot of cell 
suspension was taken from each test tube prior to incubation and at time 
intervals of 3, 17 and 40 h, mixed with cold (4oC) sterile distilled water (1:10), 
centrifuged (5,520 x g, 10 min, 4oC, J2-MC Beckman centrifuge) and the 
supernatant was stored at -20oC for TA measurement at a later stage, that was 
conducted in duplicate using 719 S Titrino titrator (5.2.6). The TA was 
calculated as % lactic acid equivalents by subtracting the TA of control 
supernatants from experimental samples. The second trial was replicated and 
the TA values were reported as the mean of two trials. 
 
The third, fourth and fifth trials were conducted to evaluate the effects of HPP 
on glycolytic activities and lysis of L. lactis subsp. lactis C10, S. thermophilus 
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TS1 and Lb. acidophilus 2400, respectively. The activities of LDH, β-gal and P-
β-gal were determined in cell-free extracts (CFE) obtained from pressure-
treated and untreated resting cells as described below (Section 6.2.2). The LDH 
activity was also used as an index of pressure-induced cell lysis of starter 
bacteria. For this purpose, two mL aliquots were taken from untreated 
(immediately after resuspending in buffer and after 2 h at 4oC) and pressure-
treated (immediately after treatment) cell suspensions and centrifuged at 18,000 
x g for 5 min at 4oC and the cell-free supernatants (CFS) were assayed in 
triplicate for LDH. 
 
 
6.2.2 Preparation of cell-free extracts 
 
A 40 mL French pressure cell (Aminco, Silver Spring, MD, USA) was used to 
disrupt the resting cells in pressure-treated and untreated samples by extruding 
the cell suspensions at a constant pressure of 155 MPa (1,575 kg cm-2) 
(Vanderheiden et al., 1970; Mou et al., 1972). Two successive pressure runs 
were performed on each sample to ensure maximum cell lysis. Unbroken cells 
and cell debris were then removed by centrifugation at 37,000 x g for 40 min at 
4oC (J2-MC Beckman centrifuge) to obtain CFE. 
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6.2.3 LDH assay 
 
The activity of LDH in CFS or CFE of starter bacteria was determined by the 
method of Wittenberger and Angelo (1970) by measuring the decrease in 
absorbance at 340 ηm resulting from the pyruvate-dependant oxidation of 
reduced β-nicotinamide adenine dinucleotide (NADH). The reaction mixture (2.5 
mL) contained 100 mM sodium phosphate buffer of pH 6.5; 200 µL of 62.5 mM 
sodium pyruvate (Prod 44094, BDH Biochemical, Poole, BH15 1TD, UK), 200 
µL of 12.5 mM D-fructose 1,6-bisphosphate (trisodium salt, F6803, Sigma) and 
600 µL of 0.625 mM NADH (reduced disodium salt, N0161, Sigma) and 400 µL 
of CFS or CFE sample. All measurements were taken in 4.5 mL UV range 
cuvettes with 10 mm light-path length (Code 1961, Kartell spa, Noviglio, MI, 
Italy) at 25oC with a SpectraMax Plus384 Spectrophotometer (Molecular Devices 
Corporation, Sunnyvale, CA, USA). Initial linear reaction rates were estimated 
from the change in absorbance at 340 ηm immediately after the addition of 
sodium pyruvate. The enzyme activity present in the sample was calculated 
according to the Beer-Lambert Law which states that absorbance (A) is 
proportional to the concentration of the absorbing molecules (c), the length of 
light-path through the medium (l in cm) and the molar extinction coefficient (ε): 
  A  
A = εcl  c =  


 
                                εl 
The ε and l values under the above assay conditions are 6300 M-1cm-1 (molar 
extension coefficient for NADH at 340 ηm) and 1 cm (light-path length of the 
cuvette), respectively.  The activity of LDH in CFS was expressed as U min-1 
mg-1 cell dry weight and in CFE as both U min-1 mg-1 cell dry weight and U min-1 
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mg-1 protein in CFE. One unit is defined as the amount of enzyme required to 
catalyse the oxidation of 1 µmol of NADH per min under the assay conditions. 
 
 
6.2.4 β-gal and P-β-gal assays 
 
β-gal and P-β-gal catalyse the following reactions: 
                   β-gal 
Lactose                      Glucose + Galactose 
                    P-β-gal 
Lactose-P                     Glucose + Galactose-6-P 
 
The natural products of these reactions are colourless and not readily 
detectable. Therefore, assay systems have been developed in which synthetic 
sugars are cleaved by β-gal or P-β-gal, producing coloured products that 
absorb light in the visible range. In this study the activities of β-gal and P-β-gal 
in CFE of starter bacteria were determined using an assay described by Citti et 
al. (1965) with some modifications. The assay measures the rate of hydrolysis 
of o-nitrophenyl β-D-galactopyranoside (ONPG) or its phosphorylated derivative 
o-nitrophenyl β-D-galactopyranoside-6-phosphate (ONPG-6-P) as non-
metabolisable analog sugars by β-gal or P-β-gal: 
                  
                 β-gal 
ONPG                     ONP + Galactose 
                    P-β-gal 
Lactose-P                     ONP + Galactose-6P 
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The yellow-coloured ONP (o-nitrophenol) thus produced can be quantified 
spectrophotometrically at 420 ηm.  
 
The reaction mixture containing 2 mL of 5 mM ONPG (N1127, Sigma) or 
ONPG-6-P (N8628, Sigma) (made in 100 mM sodium phosphate buffer (pH 7.0) 
and 1 mL of the CFE sample (undiluted or diluted) was incubated at 37oC for 15 
min. A 2 mL aliquot of 500 mM sodium carbonate (Prod 10240, BDH Chemicals 
Pty Ltd, Kilsyth, VIC, Australia) in ice-cold Milli-Q water was then added to the 
mixture to stop the reaction and the absorbance was read in the 
spectrophotometer at 420 ηm at room temperature (RT). The enzyme activity 
present in the sample was calculated according to the Beer-Lambert Law (as in 
LDH assay), using the molar extinction coefficient for ONP+ at 420 ηm of 4500 
M-1 cm-1.  The activities of β-gal and P-β-gal were expressed as both U min-1 
mg-1 cell dry weight and U min-1 mg-1 protein in CFE. One unit is defined as the 
amount of enzyme required to hydrolyse 1 ηmol of ONPG or ONPG-6-P per min 
under the above assays conditions. 
 
 
6.2.5 Protein assay 
 
Protein concentration in CFE of each starter culture was determined by the Bio-
Rad Protein Assay (Bio-Rad Laboratories Inc, Hercules, CA, USA), based on 
the method of Bradford (1976) in which a differential colour change of a dye 
occurs in response to various concentrations of protein. The dye reagent was 
prepared by diluting 1 part Dye Reagent Concentrate with 4 parts distilled 
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deionised (DDI) water and filtering through Whatman #1 filter paper. The diluted 
reagent was kept at RT and used within 2 weeks. A 2 mg mL-1 solution of 
bovine serum albumin (BSA) prepared in 100 mM sodium phosphate buffer (pH 
6.5) was used as the protein standard. The assay was performed by adding 2.5 
mL of reagent to 50 µL aliquots of the blank (sodium phosphate buffer), 
standard or sample solutions in 4.5 mL cuvettes and measuring absorbance at 
595 ηm after 5 min at RT in the spectrophotometer zeroed with the blank 
sample (sodium phosphate buffer). Each CFE sample was assayed in duplicate 
and the protein concentration was calculated by reference to the BSA standard 
curve (Appendix 7). 
 
 
6.2.6 Statistical analysis of data 
 
Statistical analysis was performed by applying one-way analysis of variance 
(ANOVA) and multiple comparisons of means of each treatment to experimental 
data using the Least Significant Difference (LSD) test at the confidence level of 
99%. Analysis of data was carried out with Genstat software (Version 9, 
Rothamsted Experimental Station, Harpenden, UK) and the difference between 
mean values greater than the LSD (0.99) was determined as significant. 
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6.3 RESULTS 
6.3.1 HPP-induced inactivation of L. lactis subsp. lactis C10 in buffer 
solution 
 
The original viable number of L. lactis subsp. lactis C10 resting cells was ca. 1.5 
x 1011 CFU mL-1 after washing and resuspending in 100 mM sodium phosphate 
buffer (pH 5.5 and 6.5) at a final volume of 75 mL. Treatment at 600 MPa 
reduced the viable count of Lactococcus by 11.2 and 10.7 logs in buffer 
solutions of pH 5.5 and 6.5, respectively (detection limit: log 0 CFU mL-1), 
whereas treatment at 300 MPa caused only 0.6 and 0.4 log reductions (Figure 
6-2).  
   
 
0
1
2
3
4
5
6
7
8
9
10
11
12
5.5 6.5
pH
Re
du
ct
io
n
 
in
 
v
ia
bl
e 
co
u
n
t 
(L
o
g 
N/
N 0
)
 LSD (0.99) = 0.17
 
 
Figure 6-2 Reduction in the viable count of resting L. lactis subsp. lactis C10 
cells (23.5 ± 0.5 mg mL-1 dry weight) by high pressure  treatment at pH levels of 
5.5 and 6.5 in 100 mM sodium phosphate buffer treated at 300 (     ) and 600 
MPa (      ). Bar graphs represent the mean of log reductions in three samples 
tested  in  duplicate.  N0  and  N  are  the  numbers  of  viable cells  in  buffer 
(CFU mL-1) before and after treatment, respectively. 
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6.3.2 Glycolytic activity of resting Lactococcus cells incubated with 5% 
(w/v) lactose 
 
The TA of both untreated (control) and pressure-treated resting cell 
suspensions of L. lactis subsp. lactis C10 increased during incubation at 30oC 
for 40 h in the presence of 5% (w/v) lactose (Figure 6-3). Samples containing 
untreated cells produced significantly more (p<0.01) lactic acid than those 
containing pressure-treated cells. Treatment at 600 MPa resulted in substantial 
inhibition of acidification at initial stages of incubation; however, the TA 
gradually increased towards the end of incubation. An increase of 45% lactic 
acid equivalents was found in the controls and 44 and 32% in samples treated 
at 300 and 600 MPa, respectively. 
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Figure 6-3 Development of TA by L. lactis subsp. lactis C10 resting cells (23.7 
± 0.9 mg mL-1 dry weight), untreated (     ) or pressure-treated at 300 (     ) and 
600 (     ) MPa incubated with 5% (w/v) lactose in 100 mM sodium phosphate 
buffer (pH 6.5) for 40 h at 30oC. Bar graphs represent the mean values of 
duplicate analyses of triplicate samples from two HPP trials.  
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6.3.3 Effects of HPP on glycolytic enzymes and lysis of starter bacteria 
cells 
 
The values for the dry weight of resting cells of starter bacteria suspended in 
100 mM sodium buffer and protein concentration in CFE measured in two HPP 
trials are presented in Table 6-1. The growth of L. lactis subsp. lactis C10 under 
the controlled pH condition of 6.5 in M17 broth resulted in the highest level of 
cell dry weight and consequently, the highest concentration of protein in CFE 
amongst the three cultures investigated in this study. 
 
Table 6-1 Average resting cells’ dry weights and protein concentrations of cell-
free extracts of starter bacteria 
 
Starter bacteria Cell dry weight * 
(mg mL-1) 
Protein concentration in CFE * 
(mg mL-1) 
L. lactis subsp. lactis C10 49.7 ± 0.4  0.145 ± 0.005 
 
S. thermophilus TS1 21.9 ± 0.1 0.111 ± 0.002 
Lb. acidophilus 2400 5.9 ± 0.1 0.040 ± 0.010 
 
* Values represent the mean of duplicate measurements in two HPP trials ± standard 
deviations. 
 
 
 
No significant increase (p>0.01) in LDH activity was observed in the cell-free 
supernatants of untreated Lactococcus and Lactobacillus within 2 h of cell 
suspensions preparation, while a significant increase (p<0.01) from 0.112 to 
0.138 U min-1 mg-1 cell dry weight was found in the CFS of untreated 
Streptococcus (Table 6-2). 
 
 123 
Table 6-2 The activity of LDH in cell-free supernatants of untreated and 
pressure treated starter bacteria as an index of cell lysis. 
 
LDH activity in CFS* 
Time 
 
Starter bacteria 
 
Pressure level 
(MPa) 
0 h 2 h 
L. lactis subsp. lactis C10 
 
 
 
S. thermophilus TS1 
 
 
 
Lb. acidophilus 2400 
 
0 
300 
600 
 
0                                
300 
600 
 
0 
300 
600 
0.002 ± 0.000 
 
 
 
0.112 ± 0.007 
 
 
 
0.058 ± 0.006  
  
0.003 ± 0.001 
0.003 ± 0.000 
0.003 ± 0.001 
 
0.138 ± 0.011 
0.007 ± 0.001 
0.001 ± 0.000 
 
0.069 ± 0.006 
0.077 ± 0.004 
0.096 ± 0.007  
 
* Values represent mean LDH activities in µmol NADH equivalent per min per mg cell dry weight 
obtained from triplicate analyses of samples of two HPP trials ± standard deviations (LSD (0.99) = 
0.001, 0.011 and 0.009 for LDH activity in cell-free supernatants of L. lactis subsp. lactis C10, S. 
thermophilus TS1 and Lb. acidophilus 2400, respectively). 
 
 
 
The LDH of Streptococcus was inactivated by 97.4% by treatment at 300 MPa 
and 99.9% at 600 MPa, and was detected at very low levels in the CFS of 
pressure-treated cells (Table 6-2). On the other hand, the LDH in CFE of 
Lactococcus or Lactobacillus was quite pressure-stable and therefore, can be 
suitably used as a marker enzyme to monitor pressure-induced membrane lysis 
of these cultures (Tables 6-3 and 6-4). 
  
High pressure treatment of Lactococcus cell suspension in buffer at 300 or 600 
MPa in this study did not result in increased LDH activity in CFS (Table 6-2). 
This could probably indicate that HPP at these levels did not induce membrane 
lysis of Lactococcus cells. The Lactobacillus cells were not significantly affected 
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(p>0.01) by 300 MPa, but treatment at 600 MPa significantly (p<0.01) increased 
cell membrane lysis (Table 6-2). 
 
A noticeably lower LDH activity was detected in the CFE of untreated 
Lactococcus than in Streptococcus and Lactobacillus (Tables 6-3 and 6-4). 
Treatment at 300 MPa had no significant effect (p>0.01) on the inactivation of 
LDH in Lactococcus and Lactobacillus. Treatment at 600 MPa however 
significantly inactivated (p<0.01) the LDH in these cultures by 21.0 and 28.6% 
respectively, which were much lower than that in Streptococcus (99.9%). 
 
Streptococcus thermophilus does not contain P-β-gal enzyme as it does not use 
phosphotranspherase system for the transport of lactose into the cell. The 
activity of P-β-gal in the other two cultures (Lactococcus and Lactobacillus) and 
β-gal in all three cultures was significantly reduced (p<0.01) by treatment at 
both 300 and 600 MPa (Tables 6-3 and 6-4). Phospho-β-gal is the main enzyme 
initially involved in the metabolism of lactose in lactococci, like β-gal in 
streptococci and lactobacilli. Treatment at 300 MPa inactivated P-β-gal by only 
11.0% in Lactococcus and β-gal by only 20.6 and 19.3% in Streptococcus and 
Lactobacillus, respectively. Treatment at 600 MPa resulted in 94.0 and 97.5% 
inactivation of P-β-gal and β-gal in Lactococcus and Streptococcus respectively, 
but inactivated only 26.6% of the β-gal in Lactobacillus.             
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6.4 DISCUSSION 
 
Treatment at 300 MPa did not noticeably inactivate stationary phase resting 
cells of L. lactis subsp. lactis C10 in 100 mM sodium phosphate buffer solution 
of pH 5.5 or 6.5 (ca. 0.5 log reduction), while treatment at 600 MPa substantially 
reduced the viable count of this organism at both pH levels (ca. 11 log 
reduction). Pressure-induced inactivation of L. lactis in various buffer solutions 
has been studied by a number of researchers. Malone et al. (2002) reported 
complete inactivation of L. lactis subsp. cremoris MG1363 and SK11 cells 
harvested from late exponential phase in phosphate-buffered saline (PBS) by 
treatment at 400-800 MPa (25oC, 5 min), however, reductions of 7.3 and 2.5 
logs was achieved by treatment at 300 MPa in the populations of these strains, 
respectively. O’Reilly et al. (2002) found ≥6 log drops in the viable count of L. 
lactis cells (strains 303, 223, 227 and AM2) in 100 mM citrate buffer of pH 5.3 
by treatment at 300-400 MPa for 20 min at 25oC. The most pressure-tolerant 
among the four strains studied was L. lactis 227 with ~2 log reduction at 400 
MPa while L. lactis AM2 was the most pressure-sensitive, with >5 log reduction 
at 400 MPa for 20 min at 25oC. 
 
In addition to a ~11 log reduction in the viable count of Lactococcus in 
phosphate buffer by treatment at 600 MPa observed in the current study, the 
ability of resting cells to produce lactic acid was also prevented for at least 17 h 
when incubated with 5% (w/v) lactose at 30oC. This indicated that at least some 
glycolytic enzymes were inactivated at 600 MPa and resulted in reduced lactose 
metabolism even if they could be released into the buffer due to pressure-
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induced cell membrane lysis. However, the residual glycolytic enzyme activity in 
pressure-treated (600 MPa) cells seemed to be sufficient to ferment lactose and 
noticeably increase the TA with a long delay. Miyakawa et al. (1994) found 
complete inhibition of acid producing ability of Lb. helveticus LHE-511 by 
treatment at 400 MPa (30oC, 10 min) when 5 mL aliquots of disrupted 
(sonicated) pressure-treated and untreated cell suspensions (2% w/v in 100 mM 
phosphate buffer, pH 7.0) were incubated with 45 mL aliquots of 1.1% (w/v) 
glucose for 1 h at 37oC. Using a similar technique, Malone et al. (2003) found 
substantial reduction in lactic acid production by cell-free extracts of L. lactis 
subsp. cremoris MG1363 as a result of pressure treatment at 300-800 MPa 
which was attributed to loss in the activity of one or more enzymes in the 
glycolytic pathway. 
 
Inactivation of LDH by high pressure treatment is attributed to the change in the 
secondary structure of this enzyme (Kouassi et al., 2007). Partial inactivation of 
rabbit muscle LDH has been found by treatment of the enzyme at 206 MPa in 
buffer and milk with complete inactivation at ≥482 MPa (Kouassi et al., 2007). 
The LDH activity of various starter cultures investigated in this study showed 
different responses to pressure treatment. Treatment at 300 MPa did not 
significantly influence (p>0.01) the LDH activity of L. lactis subsp. lactis C10 and 
Lb. acidophilus 2400, and treatment at 600 MPa resulted in only 21.0 and 
28.6% inactivation of LDH in these cultures suspended in 100 mM phosphate 
buffer (pH 6.5). In contrast, this intracellular enzyme was almost completely 
inactivated in S. thermophilus TS1 as a result of pressure treatment at 300 or 
600 MPa. In some LAB such as L. lactis, the LDH is activated by fructose-1,6-
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bisphosphate (FBP) and under normal growth conditions the FBP concentration 
is sufficiently high to ensure full activation (Garrigues et al., 1997). In contrast, 
FBP is not an activator of the S. thermophilus LDH (Garvie, 1978). Whether the 
high pressure sensitivity of LDH in S. thermophilus could be attributed to this 
difference or not needs further investigation. In addition, the amino acid 
sequences of LDHs in different LAB can show notable variation (Ito and Sasaki, 
1994) and it is possible that some of these sequence differences influence 
conformational stability during pressure treatment. The relative pressure 
stability of LDH in Lactococcus and Lactobacillus cells makes this enzyme a 
suitable marker for monitoring the pressure-induced lysis in these cultures. The 
pressure stability of LDH of different L. lactis strains in cheese and cheese 
water soluble extracts and suitability of this enzyme as an index of pressure-
induced cell membrane lysis was demonstrated by O’Reilly et al. (2002) and 
Upadhyay et al. (2007). 
 
The findings of the current study showed that treatment of Lactococcus cell 
suspension in buffer at 300 or 600 MPa did not result in significant increase 
(p>0.01) in LDH activity in CFS, indicating that HPP did not induce lysis of the 
Lactococcus cell membrane. O’Reilly et al. (2002) similarly found no pressure-
induced membrane lysis of different L. lactis strains after treatment of cells in 
buffer or in cheese water soluble extracts at 100-400 MPa. The lysis of 
Lactobacillus membrane in our study significantly increased (p<0.01) only at 
600 MPa. These findings indicate that the loss in viability of starter bacteria as a 
result of pressure treatment is not solely caused by cell membrane lysis. Other 
mechanisms, including protein denaturation, key enzyme inactivation and 
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ribosome conformational changes may also be responsible for pressure-
induced inactivation of cells (Sonoike et al., 1992; Mackey et al., 1994; Niven et 
al., 1999; Mañas and Mackey, 2004).  
 
Prevention of acidification in Lactococcus cells by pressure treatment at 600 
MPa could be attributed to the loss in activity of P-β-gal, the main enzyme 
initially involved in the metabolism of lactose, which was inactivated by 94.0% at 
this pressure level. This treatment also inactivated 97.5% of β-gal in 
Streptococcus but only 26.6% in Lactobacillus. This indicates that β-gal is more 
pressure stable in Lactobacillus than in Streptococcus. Griffin et al. (1996) have 
shown a wide variation in DNA sequences of β-gal in different LAB. These 
differences can probably explain various pressure-stability of β-gal in starter 
bacteria. An increase in the β-gal activity of Lb. helveticus LHE-511 after 
treatment at 300 MPa has been reported by Miyakawa et al. (1994), with no 
clear reason presented for this phenomenon. The effect of HPP on other 
glycolytic enzymes has been reported by few researchers. In one of the earliest 
studies, Schmid et al. (1975) found pressure-induced deactivation and 
subsequent reactivation of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) from baker’s yeast.  Clearly there is a need to further investigate the 
pressure stability of glycolytic enzymes in various strains of starter LAB to more 
clearly understand the rate-limiting steps in the glycolytic pathway of pressure-
treated cells of specific LAB strains. 
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6.5 CONCLUSION 
 
This study demonstrated that the inhibition of acidifying activity of starter 
bacteria by high pressure treatment could be attributed to the inactivation of 
glycolytic enzymes responsible for the metabolism of lactose. The level of 
inactivation will dependent on the species and strain of starter culture. To 
monitor the possible pressure-induced membrane lysis in Lactococcus and 
Lactobacillus, LDH could be used as a suitable marker because of its stability to 
pressures up to 600 MPa.  However, LDH cannot be used as an index of cell 
lysis in S. thermophilus as it is almost completely inactivated in this culture at 
pressures levels as low as 300 MPa. High pressure treatment at 300 or 600 
MPa did not enhance the lysis of Lactococcus membrane in phosphate buffer. 
The lysis of Lactobacillus membrane was induced only at 600 MPa. 
 
Glycolytic enzymes responsible for the initial metabolism of lactose in starter 
bacteria (β-gal and P-β-gal) can be significantly inactivated by high pressure 
treatment; however, the level of inactivation is strain dependent. Our findings 
show more pressure stability of β-gal in Lb. acidophilus 2400 than β-gal in S. 
thermophilus TS1 and P-β-gal in L. lactis subsp. lactis C10. As LDH in 
Lactobacillus was also pressure-stable, prevention of acidification by HPP in the 
milk model containing this culture (pH 5.2), as reported in Chapter 5, could 
possibly be attributed to the inactivation of other enzymes in the glycolytic 
pathway, that were not investigated in this study. 
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Prevention of acid production by starter bacteria as a result of high pressure 
treatment provides an alternative method to produce adjunct cultures to be used 
in cheese manufacture to accelerate the ripening, if proteolytic activity post-
pressurisation is maintained (Malone et al., 2002; Upadhyay et al., 2007). 
Therefore, the activities of proteolytic enzymes (proteases and peptidases) in 
the cultures need to be further investigated, if HPP is to be used for such a 
purpose.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
133 
CHAPTER 7 
GENERAL DISCUSSION 
 
 
 
It took almost eight decades since Hite’s (1899) first attempts to preserve foods 
with high pressure processing (HPP) for the market release of the first 
commercial high pressure-processed jams, jellies and sauces in Japan (Thakur 
and Nelson, 1998). Today, a wide range of pressure-treated foods including 
seafoods, processed meats, and vegetable and fruit preparations are available 
to consumers in several American, European and Asian countries, but none is 
known to be available in the Australian market.  However, there are continuing 
attempts to establish plants for commercial use. High pressure processing has 
the potential of providing microbiologically-safe products with the highest 
sensory quality and nutritional properties and longer shelf-life. However, the 
relatively high cost of the installations, predominately batch systems and 
concerns about the survival of some pressure-stable pathogens and spores are 
hurdles in the way of adopting this technology as a preferred processing 
method for foods such as milk and dairy products. Nonetheless, niche product 
opportunities continue to present as applications research knowledge increases 
and incremental advances in equipment technology, such as horizontal loading, 
become available for commercial use.  
 
More than 20% of the Australian cheese production in 2007 was attributed to 
fresh cheese varieties including fresh lactic curd cheeses manufactured from 
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pasteurised milk via fermentation with lactic acid bacteria (LAB) (Dairy Australia, 
2007). These cheeses have relatively short shelf-life (ca. 3 weeks) as a result of 
the outgrowth of spoilage micro-organisms during storage, originating from the 
production environment and the special ingredients that are added to impart 
particular flavours to the product. The manufacturers are interested in extending 
the shelf-life of their products to extend the period for domestic distribution and 
to take advantage of export opportunities. 
 
Yeast spoilage is recognised as a problem, primarily in fermented dairy 
products including cheeses (Fleet, 1990; Brocklehurst and Lund, 1985; Rohm et 
al., 1992; Tudor and Board, 1993), although in some cheese varieties such as 
Camembert and blue-vein cheeses yeasts may positively contribute to the 
development of flavour and texture during ripening (Fleet, 1990; Rosaria Corbo 
et al., 2001). In the commercial fresh lactic curd cheese evaluated in this study, 
yeasts were found to be the main spoilage agents limiting the product’s shelf-
life, while the outgrowth of moulds was minimal. Vacuum packaging conditions 
could have been a likely limiting factor in suppressing the outgrowth of moulds 
from contaminant spores. The source of yeasts and moulds is thought to be the 
ingredients used in the manufacture of this product including herbs and 
flavourings as well as the environment in which the cheese is made. High 
pressure treatment of this vacuum-packaged commercial product at 300-600 
MPa (≤22oC, 5 min) and its natural pH of 4.3-4.4 proved effective for 
substantially controlling the outgrowth of yeasts and moulds for 6-8 weeks 
under refrigerated storage conditions in the absence of preservatives. The initial 
assessments of quality attributes of the pressure-treated product including 
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textural and sensory properties indicated that a suitable product quality could be 
maintained throughout the storage period. 
 
Pressure treatment of fresh lactic curd cheese at ≥300 MPa in the current study 
substantially reduced the viable count of Lactococcus starter species by 5-7 
logs as enumerated on M17 agar; however, it had no effect on reducing or 
stopping the continued acid production during the first 3 weeks of storage. This 
is attributed to non-culturable sublethally-injured LAB in the product that were 
still glycolytically active. In addition, intracellular enzymes that still retain activity 
after pressure treatment could be kept inside the injured cells or released into 
the product as a result of pressure-induced lysis and cause continued acid 
production during storage. Post-processing acidification may not be a major 
technological problem in fresh lactic curd cheese as the final product is quite 
acidic (pH 4.3-4.4) and the predominant culture of Lactococcus spp. is not 
particularly acid-tolerant.  However, this might be an undesirable phenomenon 
in other cheese varieties manufactured at less acidic levels such as Cottage 
cheese (pH 4.8) or other dairy products like yoghurt where more acid-tolerant 
Lactobacillus spp. will be the predominant microflora. In addition, fresh cheeses 
can be manufactured at less acidic levels (e.g. 5.2) by coagulation of milk using 
heat or rennet (Fox et al., 2000b) and then subjected to pressure treatment to 
provide enhanced shelf-life attributes. Therefore, the possibility of using HPP for 
controlling acidification by mesophilic and thermophilic starter bacteria was 
further investigated using milk models at pH range from 4.3 to 6.5. 
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The results from the fermented milk model studies showed that pressure-
induced inactivation of both mesophilic and thermophilic starter bacteria were 
pH-dependant. The level of inactivation at ≥300 MPa decreased as the milk pH 
increased from acidic (4.3) to close to natural milk pH (6.5). This indicated the 
significance of pH of suspending medium at the time of pressure treatment in 
determining the residual numbers of starter bacteria prior to storage. 
Pressurisation of the milk model containing L. lactis subsp. lactis C10 at 300 or 
600 MPa (≤22oC, 5 min) at pH 5.2 substantially reduced the viable count of 
starter bacteria by 3.5 and 9 logs, respectively and inhibited further acidification 
during storage for 8 weeks at 4oC. Treatment at 300 MPa (≤22oC, 5 min) of the 
milk model at pH 5.2 containing S. thermophilus TS1 or Lb. acidophilus 2400 
did not markedly reduce the viable count of these strains, but still resulted in a 
reduced acidification. These findings suggest that HPP under optimised 
pressure and pH conditions could provide a method for controlling or reducing 
post-processing acidification in fermented dairy products. 
 
The composition of the treatment medium can also affect the resistance of 
micro-organisms to pressure. Salt and sugar are known to play baroprotective 
roles by reducing water activity of the medium (Knorr, 1993; Oxen and Knorr, 
1993; Takahashi et al., 1993; Knorr, 1995; Palou et al., 1997; Molina-Höppner, 
2004). Various levels of salt are used in different types of fresh lactic curd 
cheese e.g. 0.75% (w/w) in cream and Neufchatel cheeses or 3.9% (w/w) in 
Queso Blanco cheese (Fox et al., 2000b). The fresh lactic curd cheese chosen 
for our study contained only 1% (w/w) salt. Addition of 0.8 or 4.0% (w/w) salt to 
milk model (pH 5.0) showed no baroprotective effect on L. lactis subsp. lactis 
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C10 at 400 MPa, whereas at 20% (w/w) it markedly protected this strain, in 
agreement with other studies in buffer systems (Takahashi et al., 1993; Molina-
Höppner, 2004).   
 
Micro-organisms show different responses to pressure treatment. Yeasts are 
the most pressure-sensitive micro-organisms and are inactivated by treatment 
at pressures below 400 MPa for a few minutes (Shigehisa et al., 1991). 
According to Shimada et al. (1993), the nuclear membrane of yeasts is affected 
at pressures ~100 MPa and further alteration occurs in the mitochondria and 
cytoplasm at pressures 400-600 MPa. Perrier-Cornet et al. (1999) correlated 
the HPP-induced inactivation of Saccharomyces with the loss of internal solutes 
due to cell permeabilisation. Pressurisation of the milk models containing 
spoilage yeasts (as challenge cultures) isolated from the commercial fresh lactic 
curd cheese in the current study demonstrated that different yeast species 
within a genus can show different sensitivities to pressure. Pressure treatments 
at 300 and 600 MPa of milk models at pH levels of 4.3, 5.2 and 6.5 were found 
to be capable of noticeably reducing the viability of Candida zeylanoides and 
effectively controlling its outgrowth during refrigerated storage, while the 
outgrowth of Candida lipolytica during storage was only inhibited by treatment at 
600 MPa. Other researchers have reported inactivation of yeasts by HPP, 
including Saccharomyces cerevisiae (Parish et al., 1998; Zook et al., 1999; 
Mainville et al., 2001; Basak et al., 2002; Hocking et al., 2006; Donsi et al., 
2007), Zygosaccharomyces bailii (Palou et al., 1997) and Pichia anomala 
(Hocking et al., 2006). 
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A full understanding of the mechanisms involved in the HPP-induced 
inactivation of bacteria and yeasts is yet to be achieved.  Several researchers 
have suggested that the bacterial cytoplasmic and outer membranes are the 
primary targets for inactivation by HPP (Morita 1975; Shigehisa et al., 1991; 
MacDonald, 1993; Cheftel, 1995; Smelt 1998; Benito et al., 1999; Patterson, 
1999; Pagán and Mackey, 2000; Ritz et al., 2000; Ulmer et al., 2000; Casadei et 
al., 2002; Mañas and Mackey, 2004). However, other researchers have 
demonstrated that pressure-treated stationary-phase cells of bacteria may 
maintain a physically intact cytoplasmic membrane upon decompression even 
in dead cells (Pagán and Mackey, 2000; Mañas and Mackey, 2004). Additional 
damaging events and injury sites such as protein denaturation, key enzyme 
inactivation and ribosome conformational changes have also been proposed as 
playing a role in the pressure-induced inactivation of bacteria (Sonoike et al., 
1992; Mackey et al., 1994; Niven et al., 1999; Mañas and Mackey, 2004).  
 
Pressure-induced permeabilisation of the cell membrane may result in the loss 
of intracellular materials which is usually monitored by measuring the release of 
pressure-stable intracellular enzymes. O’Reilly et al. (2002) and Upadhyay et al. 
(2007) have recommended lactate dehydrogenase (LDH) as an index of 
pressure-induced cell lysis due to its relatively high stability to pressure. The 
findings of the current study showed that HPP of Lactococcus cells in 
phosphate buffer at 300 or 600 MPa did not increase the LDH level in the 
medium which could be an indication of the absence of pressure-induced cell 
lysis. The lysis of Lactobacillus cells on the other hand was only induced at 600 
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MPa. These results indicate that the pressure-induced inactivation of starter 
bacteria may involve events additional to those of cell membrane lysis. 
 
Enzymatic studies suggested that the inhibition of acidifying activity of starter 
bacteria by HPP could be attributed to the inactivation of some glycolytic 
enzymes responsible for the metabolism of lactose; however, the degree of 
inactivation was dependant on the species and strain of starter cultures. 
Although the initial enzymes in the metabolism of lactose, β-galactosidase (β-
gal) and P-β-galactosidase (P-β-gal), were significantly inactivated by HPP, the 
β-gal in Lb. acidophilus 2400 was found to be more pressure-stable than β-gal 
in S. thermophilus TS1 and the P-β-gal in L. lactis subsp. lactis C10. The last 
enzyme in the glycolytic pathway, the LDH, was quite resistant to treatments at 
300 and 600 MPa in Lactococcus and Lactobacillus, while it was almost 
completely inactivated in S. thermophilus. It is known that in some LAB such as 
L. lactis, LDH is activated by fructose-1,6-bisphosphate (FBP) and under normal 
growth conditions the FBP concentration is sufficiently high to ensure full 
activation (Garrigues et al., 1997). In contrast, FBP in S. thermophilus is 
reported not to be an activator of LDH (Garvie, 1978). Whether the high 
pressure sensitivity of LDH in S. thermophilus compared to other starter 
bacteria could be attributed to this difference or not needs further investigation.  
The amino acids sequences of LDHs in a variety of LAB can show notable 
variations (Ito and Sasaki, 1994). It is possible that the conformational stability 
during pressure treatment could be due to some of these sequence differences. 
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As both β-gal and LDH in Lb. acidophilus 2400 were found to be quite pressure-
stable, the prevention of acidification in this starter culture by HPP could be 
attributed to the inactivation of other enzymes in the glycolytic pathway, and this 
also needs further investigation. 
 
An increase was observed in proteolysis, as determined by 12% TCA-soluble 
protein, in 8 week-old pressure-treated samples (at 300 MPa) of fresh lactic 
curd cheese and milk models (pH 4.3 and 5.2) compared with 3 week-old 
untreated control samples, with Lactococcus starter. This suggests that HPP 
treatment in addition to providing for extended microbial shelf-life, may also 
provide for the development of other biochemical changes in pressure-treated 
products that may confer attributes not otherwise available in non-pressure-
treated products of shorter microbial shelf-life. Further evaluation is required for 
the determination of quality and sensory attributes and also for adverse 
changes in specific cultured curd-based products that may be developed using 
HPP. 
 
 
7.1 CONCLUSIONS 
 
The current investigation demonstrated that: 
 
1. High pressure treatment of fresh lactic curd cheese (pH 4.3-4.4) at 300-600 
MPa (≤22oC, 5 min) could be an effective method to extend the product’s 
refrigerated shelf-life from ca. 3 weeks to up to 8 weeks by controlling the 
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outgrowth of spoilage yeasts and moulds. Although the number of viable 
starter bacteria (lactococci) was substantially reduced by treatment at ≥300 
MPa (≤22oC, 5 min), lactic acid production continued slowly within the first 3 
weeks of refrigerated storage. High pressure treatment at 300 or 600 MPa 
(≤22oC, 5 min) did not influence the textural properties (firmness and 
adhesiveness) of fresh lactic curd cheese, as measured by TA-XT2 Texture 
Analyser. The sensory attributes of fresh lactic curd cheese during storage, 
as determined by an initial and limited evaluation with an untrained sensory 
panel (n=12) were not adversely affected by treatment at 300 or 600 MPa. 
Cheeses pressurised at 600 MPa had a significantly lower (p<0.01) rate of 
proteolysis than the untreated controls and samples treated at 300 MPa. 
 
2. The pressure-induced inactivation of both mesophilic and thermophilic 
starter bacteria in fermented milk model was pH-dependant. The addition of 
salt to the milk model (pH 5.0) at the levels used in cheesemaking (≤4.0% 
w/v) had no baroprotective effects against inactivation of L. lactis subsp. 
lactis C10 at 400 MPa, but 20% (w/v) salt substantially protected this strain. 
Treatment of fermented milk model at 300 and 600 MPa at pH 5.2 resulted 
in substantial inhibition of acidification during storage with or without 
noticeably reducing the viable counts of starter bacteria. The rate of 
proteolysis in the milk model containing L. lactis subsp. lactis C10 or S. 
thermophilus TS1 substantially decreased as a result of treatment at 600 
MPa. Treatment of milk at 600 MPa decreased the viable count of spoilage 
yeasts, Candida zeylanoides and Candida lipolytica, to below the detection 
limit (log 0 CFU mL-1) and effectively controlled their outgrowth for 8 weeks. 
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Treatment of milk at 300 MPa had the same effect only on Candida 
zeylanoides. These findings could indicate more pressure sensitivity of 
Candida zeylanoides than Candida lipolytica. 
 
3. High pressure treatment of starter bacteria at 600 MPa in phosphate buffer 
resulted in substantial inhibition of lactic acid production by resting cells and 
inactivation of some glycolytic enzymes. The β-gal in Lb. acidophilus 2400 
was found to be more pressure-stable than β-gal in S. thermophilus TS1 and 
P-β-gal in L. lactis subsp. lactis C10. The LDH in both L. lactis subsp. lactis 
and Lb. acidophilus 2400 was quite pressure-stable and could be used as 
an index of pressure-induced cell lysis. The LDH in S. thermophilus TS1 was 
very pressure sensitive and almost completely inactivated at ≥300 MPa. 
 
 
7.2 RECOMMENDATIONS 
 
The results of the current investigation have provided some favourable 
observations about the application of pressure treatment to fresh lactic curds 
and revealed some differences in the behaviour of starter organisms as a result 
of pressure treatment, in the curd, milk models, resting cells and as reflected by 
enzymic activities of CFE. The outcomes of the investigations raise further 
questions that need additional research to facilitate realisation of the full 
potential of pressure treatment in the preservation of fresh lactic curd cheeses 
and other types of fresh cheeses and cultured dairy products.  These include:   
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1. The results of sensory evaluation of fresh lactic curd cheese demonstrated 
that there were no significant organoleptic differences between the pressure-
treated and untreated samples during storage. The outgrowth of yeasts in 
the untreated samples and those treated at 200 MPa was noticeable from 
week 2 towards the end of the storage period. However, the untrained 
panellists were not able to distinguish these samples from those treated at 
high pressure levels.  Spoilage yeasts may cause some defects in dairy 
products, such as fruity, bitter or yeasty off-flavours, gas production, 
discoloration and textural changes (Rosaria Corbo, 2001). The flavourings 
and herbs in the product could have affected the flavour profiles and limited 
the panellists from making effective judgments about cheese quality 
attributes. A more extensive sensory evaluation with a trained panel is 
necessary to pursue the effects of pressure treatment on these attributes in 
products manufactured with and without added ingredients. 
 
2. The composition of the medium in which micro-organisms are exposed to 
pressure treatment can influence the level of microbial inactivation and 
consequently, the number of viable cells present in the product after 
treatment that may contribute to further acidification during storage. 
Although the results of the milk model showed that post-processing 
acidification could be substantially prevented by HPP at 300 or 600 MPa, 
these findings need to be further validated in at least pilot-scale 
manufactured products, using the same starter cultures as in the milk model. 
Comparative study of the effects of HPP on the outgrowth of spoilage yeasts 
spiked in the fresh cheeses made at lower acidic levels (including that 
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obtained in non-cultured ricotta type cheeses) than the fresh lactic curd 
cheese used in this study is also recommended. This evaluation should 
include further challenge assessment with wild type yeast species, isolated 
in the current investigation, to the curd prior to pressure treatment. 
 
3. Manufacture of dairy products from raw milk is not permitted in Australia and 
New Zealand. However, in recent years the importation of non-pasteurised 
semi-hard cheeses such as Roquefort cheese has been permitted in 
Australia after risk assessment, audit of producers and manufacturers in 
France and a schedule of Listeria analyses (FSANZ, 2005).  While intrinsic 
properties of these cheese products assist in moderating microbial food 
safety risks, a processing method like pressure treatment, for inactivation of 
pathogens including Listeria, could equally constitute an effective control 
measure for identified hazards, in combination with intrinsic factors of a fresh 
cheese product. In Mediterranean countries, a significant amount of ripened 
types of cheese are manufactured from raw milk for the purpose of 
developing a stronger flavour or enhancement of ripening (Buffa et al., 
2001). Safer raw milk cheese can be manufactured using pressurised milk, 
but it is possible that adverse sensory changes could result due to pressure-
induced inactivation of non-starter LAB. Therefore, product specific 
optimisation of process conditions may be required to limit these adverse 
drawbacks. Combined treatments of HPP and antimicrobial peptides in the 
pressurising medium, including lysozyme, nisin, pediocin AcH, lacticin, the 
lactoperoxidase system, lactoferrin and lactoferricin may enhance 
inactivation of pathogens (Hauben et al., 1996; Kalchayanand et al., 1998) 
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and serve a role in preventing outgrowth of bacterial spores. High pressure 
processing is recommended as a means of enhancing the safety of fresh 
cheeses. 
 
4. In addition, if HPP is to be used with cheeses of pH>5, then validation of the 
intrinsic factors of the product such as the combined effects of salt levels 
and antimicrobials like nisin and other bacteriocins produced by some LAB 
(Sallami et al., 2004), will be required to demonstrate control over the 
outgrowth of Clostridium botulinum (by challenge assessment) during 
refrigerated storage (UK Food safety guidelines for chilled vacuum 
packaged foods, 2004), as spores of bacteria are neither inactivated by heat 
pasteurisation or high pressure treatment of milk.  As Bacillus cereus spores 
may also enter milk and survive pasteurisation (Juffs and Deeth, 2007), a 
similar approach should also be taken for this pathogenic spore-former as 
for Cl. botulinum. 
 
5. As both β-gal and LDH in Lb. acidophilus 2400 were found to be quite 
pressure-stable, the prevention of acidification in this starter culture by HPP 
could be attributed to the inactivation of other enzymes in the glycolytic 
pathway that need to be further investigated. 
 
The outcome of the current study, suggests that HPP may provide an 
opportunity, not only to extend the shelf-life of existing fresh cheese types but 
also facilitate the development of new generation dairy products that use a fresh 
curd cheese base as the main ingredient, as an extension of the product 
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investigated in this study.  The opportunity exists to exploit the observed 
differences in the degree of inactivation and enzymic properties of starter 
cultures and added LAB that might impart favourable attributes, as a 
consequence of their metabolic activity in using the substrates derived from milk 
in pressure-treated fresh curd-based products.   
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APPENDICES 
 
 
 
 
Appendix 1. Standard curves for L-Leucine 
 
(a) 
 
y = 0.0051x - 0.0006
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(b) 
 
y = 0.0053x + 0.0148
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Appendix 2. Ranking test for sensory evaluation of lactic curd cheese 
 
 
Food Science Australia 
Sensory Evaluation of Fresh Lactic Curd Cheese  
Date: ----------------------------------- 
 
 
Name: ----------------------------------- 
 
 
 
 
Instruction: You are given three different samples of fresh lactic curd coded A, B, and C. 
Please taste the samples and answer the questions 1 to 5 by placing the letters A, B, and C on 
the ten-point hedonic scale. (Note: Rinse your mouth with water, eat crackers, and wait for at 
least one minute between samples.) 
 
 
 
1. Spreadability: 
 
           
0 
Not 
spreadable 
1 2 3 4 5 6 7 8 9 10 
Easy to 
spread 
 
 
 
2. Mouthfeel: 
 
• Grittiness: 
 
 
0 
Not 
gritty 
1 2 3 4 5 6 7 8 9 10 
Gritty 
  
 
• Moistness: 
 
 
0 
Very 
dry 
1 2 3 4 5 6 7 8 9 10 
Very 
moist 
 
       
• Stickiness: 
 
 
0 
Not 
sticky 
1 2 3 4 5 6 7 8 9 10 
Sticky 
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• Creaminess: 
 
 
0 
Not 
creamy 
1 2 3 4 5 6 7 8 9 10 
Very 
creamy 
  
     
 
3. Taste / Flavour: 
 
• Sourness: 
 
 
0 
Not 
sour 
1 2 3 4 5 6 7 8 9 10 
Very 
sour 
 
 
• Bitterness: 
 
 
0 
Not 
bitter 
1 2 3 4 5 6 7 8 9 10 
Very 
bitter 
 
 
 
4. Overall Acceptability: 
 
 
0 
Unacceptable 
1 2 3 4 5 6 7 8 9 10 
Acceptable 
  
 
 
 
 
Additional Comments on aroma, flavour or texture of samples: 
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Appendix 3 
 
Milk models preparation using L. lactis fermented milk and UHT skim milk   
Amounts of fermented 
milk used (pH 4.3) in mL 
Amounts of UHT skim 
milk used (pH 6.5) in mL 
Final pH  
10 
50 
90 
170 
230 
290 
330 
370 
420 
480 
530 
1000 
990 
950 
910 
830 
770 
710 
670 
630 
580 
520 
470 
0 
6.5 
6.1 
5.9 
5.6 
5.5 
5.3 
5.2 
5.1 
5.0 
4.7 
4.6 
4.3 
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Appendix 4 
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Residual viable count of L. lactis subsp. lactis C10 under aerobic incubation 
condition in fermented milk model, untreated (       ) or pressure-treated at  300  
(      ) and 600 (      ) MPa at pH 4.30 (a), 5.20 (b) and 6.50 (c) during storage for 
8 weeks at 4oC. Bar graphs represent the mean of viable counts of three 
samples tested in duplicate (Detection limit: Log 0 CFU mL-1). 
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Appendix 5 
 
      (a) 
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Residual viable count of L. lactis subsp. cremoris BK5 (a) and S. thermophilus 
TS1 (b) under aerobic incubation condition in fermented milk model, untreated    
(      ) or pressure-treated at 300 (     ) and 600 (     ) MPa at pH 5.20 
(Lactococcus) or 5.24 (Streptococcus) during storage for 8 weeks at 4oC. Bar 
graphs represent the mean of viable counts of three samples tested in duplicate 
(Detection limit: Log 0 CFU mL-1). 
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Appendix 6. Yeast identification using apiwebTM software 
 
(a) 
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(b) 
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Appendix 7. Standard curve for BSA 
y = 0.0537x + 0.0479
R2 = 0.9988
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